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During the summer of 2009, the Bellingham drinking water treatment plant experienced 
severe reductions in filtration rates, resulting in mandatory water restrictions. Since then, 
summer water filtration rates continued to approach critical levels. In 2011, I conducted a 
study to investigate the phytoplankton and ambient water quality patterns in Lake Whatcom 
source water to see if any parameters could be used to predict low water filtration rates. In 
addition, I evaluated water quality and phytoplankton cell densities at different depths at the 
intake located in Lake Whatcom to see if drawing source water from different depths could 
help reduce water filtration problems. Water quality and algae samples were collected at the 
treatment plant screen house and at the intake in Lake Whatcom between June 15 and 
November 30. During the study period, 62 algal taxa were collected at the screen house. 
Aphanocapsa/Aphanothece (Cyanobacteria) dominated the algal cell density and Cyclotella 
and Stephanodiscus (Bacilliariophyta) dominated the algal biovolume, but no single taxon 
was a unique predictor of low water filtration rates. Among the water quality parameters, 
nitrate/nitrite had the strongest correlation with filtration rates. Hierarchical cluster analysis 
was conducted using the first four principal components generated using water quality and 
algal taxa cell densities, omitting filtration rates and redundant variables. Hierarchical 
clustering resulted in two distinct clusters that were associated with low and high filtration 
rates. The samples from the low filtration rate group were characterized by higher water 
temperatures, conductivities, and alkalinity levels; lower turbidities, nitrate/nitrite and 
ammonium concentrations; higher cell densities of Aphanocapsa/Aphanothece, 
Stephanodiscus, Fragilaria, Synedra, Thalassiosira, Naviculoid group, Scenedesmus, 
Chlamydomonas, Elakatothrix, Cryptomonas, Gymnodinium and Peridinium. Cell 




fiber threads, were shared by many of the dominant algae in the low filtration rate group and 
may contribute to the slow filtration. The water quality and phytoplankton community were 
similar between the screen house and intake sites. In addition, the water column at the intake 
site was usually unstratified and well-mixed, creating high degree of uniformity in the water 
quality and phytoplankton data at all depths. Varying the intake depth, which is currently at 
10 meters in Basin 2 of Lake Whatcom, is not likely to reduce the effects of problematic 





















I wish to thank various people for their contribution to this project. I would like to express 
my very great appreciation to my advisor Dr. Robin Matthews for the invaluable suggestions 
and guidance from beginning of this research project and for great patience and 
encouragement. I also want to give sincere thanks to my committee members, Dr. Leo 
Bodensteiner and Dr. Wayne Landis for constructive suggestions and comments. I would like 
to thank the Institute for Watershed studies for providing sampling equipment and sharing 
the lab resources. I am grateful to IWS staff, Joan Vandersypen and Michael Hilles, and 
interns for all the assistance of sample collection and laboratory analysis. I also want to 
express great appreciation to Bill Evans and Peg Wending at Bellingham Public Works 
Department for providing data as well as accessibility to the Bellingham drinking water 
treatment plant.  I also want to thank my family and all my friends for being supportive and 



















TABLE OF CONTENTS 
 
ABSTRACT ............................................................................................................................ iv 
ACKNOWLEDGEMENTS .................................................................................................. vi 
INTRODUCTION................................................................................................................... 1 
Background ....................................................................................................................... 1 
Objectives........................................................................................................................... 5 
METHODS .............................................................................................................................. 6 
Sample Collection .............................................................................................................. 6 
Screen house site sampling ............................................................................................. 6 
Lake Whatcom intake site sampling ............................................................................... 7 
Sample Analysis ................................................................................................................ 8 
Water chemistry .............................................................................................................. 8 
Algae counts and biovolume estimation ......................................................................... 8 
Quality Control ............................................................................................................... 10 
Additional Data Available for Thesis ............................................................................ 11 
Statistical Analyses.......................................................................................................... 11 
   Multivariate analysis ...................................................................................................... 12 
RESULTS AND DISCUSSION ........................................................................................... 13 
Water Filtration Rates in 2011 ...................................................................................... 13 
Water Quality and Phytoplankton at the Screen House ............................................. 14 
Water quality ................................................................................................................. 14 
Phytoplankton ................................................................................................................ 15 
Correlation between water quality variables ................................................................. 17 
Correlation between filtration rates, water quality, and phytoplankton ........................ 19 
Multivariate Analysis...................................................................................................... 20 
Water Quality and Phytoplankton at the Lake Whatcom Intake .............................. 25 
SUMMARY AND CONCLUSIONS ................................................................................... 28 
LITERATURE CITED ........................................................................................................ 31 
FIGURES ............................................................................................................................... 37 




APPENDICES ....................................................................................................................... 83 
Appendix A. Quality Control ......................................................................................... 83 
A.1 Field duplicate and lab duplicate Results ............................................................... 83 
A.2 Detection of outliers ............................................................................................... 84 
Appendix B. Phytoplankton Cell Density and Biovolume at the Bellingham Drinking 
Water Treatment Plant Screen House and Lake Whatcom Intake. .......................... 85 
B.1. Summary of cell density and biovolume of phytoplankton taxon at the Bellingham 
drinking water treatment plant screen house, ................................................................ 85 
B.2. Summary of cell density and biovolume of phytoplankton taxon at intake site in 
Lake Whatcom, July to November, 2011 ...................................................................... 87 
Appendix C. Lake Water Quality and Phytoplankton Profile from July to 
November, 2011 ............................................................................................................... 89 
Appendix D. Algal Relative Cell Density in Lake Whatcom at Intake Site and at the 
Bellingham Drinking Water Treatment Plant Screen House. .................................... 91 
D.1 Relative cell density of major phylum at the Bellingham drinking water treatment 
plant screen house, June 15 to November 30, 2011. ..................................................... 91 
D.2 Relative cell density of major phylum at intake site in Lake Whatcom, July to 
November, 2011. ........................................................................................................... 93 
Appendix E. Images of Selected Phytoplankton Taxa Detected in Water Samples 
from Bellingham Drinking Water Treatment Plant Screen House and Lake 















LIST OF FIGURES 
 
Figure 1. Lake Whatcom and the Bellingham drinking water treatment plant sampling sites.
................................................................................................................................................. 37 
Figure 2. Example showing log2 scale estimation for Cyanobacteria colonies ..................... 38 
Figure 3. Daily average UFRVs at the water treatment plant ................................................. 39 
Figure 4. Alum dose and multimedia filter filtration rates at the water treatment plant ......... 40 
Figure 5. Water temperature, dissolved oxygen, conductivity and pH at the water treatment 
plant......................................................................................................................................... 41 
Figure 6. Turbidity, alkalinity, chlorophyll and ammonium at water treatment plant ............ 42 
Figure 7. Nitrate/nitrite, total nitrogen, soluble reactive phosphate and total phosphorus at the 
water treatment plant  .............................................................................................................. 43 
Figure 8. The temporal pattern of total algal density at the water treatment plant . ............... 44 
Figure 9. The temporal pattern of total algal biovolume at the water treatment plant  .......... 45 
Figure 10. Relative cell density of the major phyla at the water treatment plant ................... 46 
Figure 11. Relative biovolume of the major phyla at the water treatment plant .................... 47 
Figure 12. Significant correlation between temperature and dissolved oxygen at the water 
treatment plant ........................................................................................................................ 48 
Figure 13. Significant correlation between nitrate/nitrite and total nitrogen at the water 
treatment plant ........................................................................................................................ 49 
Figure 14. Correlation between filtration rates and nitrate/nitrite at the water treatment plant 
................................................................................................................................................. 50 
Figure 15. Misclassification rates in hierarchical clustering using 1-7 principal components 51 
Figure 16. Hierarchical clustering results based on the first 4 principal components scores 
showing three cluster groups .................................................................................................. 52 
Figure 17. Filtration rates (UFRVs) of three clusters partitioned by hierarchical analysis 




Figure 18. Hierarchical clustering results based on the first 4 principal components scores 
showing two cluster groups .................................................................................................... 54 
Figure 19. Filtration rates (UFRVs) of two clusters partitioned by hierarchical analysis based 
on PCA scores of the first four principal components ............................................................ 55 
Figure 20. Lake Whatcom intake temperature profile, July to November, 2011. .................. 56 
Figure 21. Lake Whatcom intake dissolved oxygen profile, July to November, 2011. .......... 57 
Figure 22. Boxplots of temperature, dissolved oxygen, conductivity and pH at individual 
sampling dates at Lake Whatcom intake site .......................................................................... 58 
Figure 23. Boxplots of turbidity, alkalinity, chlorophyll and ammonium concentrations at 
individual sampling dates at Lake Whatcom intake site ......................................................... 59 
Figure 24. Boxplots of nitrate/nitrite, total nitrogen, soluble reactive phosphate and total 
phosphorus concentrations at individual sampling dates at Lake Whatcom intake site ......... 60 
Figure 25. Cell density profile for Cyanobacteria and Bacilliariophyta at the intake site in 
Lake Whatcom ........................................................................................................................ 61 
Figure 26. Biovolume profile for Cyanobacteria and Bacilliariophyta at intake in Lake 





















LIST OF TABLES 
 
Table 1. Lake Whatcom morphology at maximum regulated lake level  ............................... 63 
Table 2. Summary of IWS analytical methods and parameter abbreviations ......................... 64 
Table 3. List of phytoplankton genera in water samples collected at the Bellingham drinking 
water treatment plant screen house and Lake Whatcom intake site, June 15 to November 30, 
2011......................................................................................................................................... 65 
Table 4. Log2 scale and the corresponding geometric mean used for colonial cell number 
estimation. ............................................................................................................................... 67 
Table 5. List of geometric models used for phytoplankton genera identified in water samples 
(June 15 to November 30, 2011) compared to published geometric models .......................... 68 
Table 6.Summary of geometric models and biovolume results for phytoplankton genera 
compared to values estimated by Olennia, et al. (2006). ........................................................ 71 
Table 7. Descriptive statistics for water quality variables and algal biomass samples from the 
Bellingham drinking water treatment plant screen house and the Lake Whatcom intake site, 
June 15 and November 30, 2011. ............................................................................................ 74 
Table 8. Summary of relative cell density and relative biovolume of common taxa collected 
at the Bellingham drinking water treatment plant screen house, June 15 to November 30, 
2011......................................................................................................................................... 74 
Table 9.  Correlation coefficients expressing the correlation between physical, chemical and 
biological variables and water filtration rates at the Bellingham water treatment plant screen 
house, June 15 to November 30, 2011  ................................................................................... 76 
Table 10. Correlation coefficients (Kendall’s tau)  expressing correlation between UFRVs 
and 11 phytoplankton taxa at the Bellingham drinking water plant screen house, June 15 to 
November 30, 2011 ................................................................................................................. 77 
Table 11. Summary of filtration rates for samples partitioned into unsupervised two or three 
clusters using hierarchical clustering on the first four principal components scores. ............ 78 
Table 12. Top ten positive and negative variable loading scores for the water quality and 




Table 13. Median values for water quality and algal variables that contributed strongly to 
PC1 and PC2-4 separated by filtration group ......................................................................... 80 
Table 14. Summary of relative cell density and biovolume of phytoplankton taxon data in 
water samples collected biweekly at 1 m intervals at the intake site in Lake Whatcom, July 
and November, 2011 ............................................................................................................... 81 
Table 15.  Phytoplankton taxa observed uniquely at either the screen house or the Lake 









Lake Whatcom is located in northwest Washington State at 48.73° North and 122.34° West 
(Mitchell, et al., 2010). Lake Whatcom is divided into three basins (Figure 1). Basin 1 and 
Basin 2 are shallow and relatively small, while Basin 3 is deeper and larger, occupying 
82.2% of lake surface area and containing 95.9% of water volume (Table 1). Lake Whatcom 
has three major perennial streams: Anderson Creek at the southeast end of the lake, Smith 
Creek on the eastern lake shore, and Austin Creek on the western lakeshore. The major 
outlet, Whatcom Creek, is located at the northern end of the lake. The Lake Whatcom 
elevation is controlled by a dam on Whatcom Creek. At the maximum regulated elevation 
(95.23 NAV88-m), Lake Whatcom has a surface area of 20.22 km2 and water storage of 
0.969 km3 (Mitchell, et al., 2010). At this elevation, the mean depth of the lake is 47.89 m, 
the shoreline length of the lake is 48.6 km, and the shoreline development is 3.05.  
 Lake Whatcom is the primary drinking water resource for the City of Bellingham and 
parts of Whatcom County. The drinking water intake is located at the northern end of Basin 
2. Water from Lake Whatcom flows from Basin 2 through a gatehouse located on the west 
shore of the lake, then is conveyed by gravity through a screen house before entering the 
water treatment plant inside Whatcom Falls Park. In the screen house, coarse debris is 
removed and chlorine is added as a disinfectant (City of Bellingham, 2013). The distance 
between the Lake Whatcom intake and the screen house is about 2.4 km (1.5 mi.) and takes 
approximately 3.65 hr., based on an average water demand of 20 MGD.   
 The Bellingham drinking water treatment plant has a maximum water treatment 





features a treatment sequence of coagulation/flocculation, without sedimentation, followed 
by filtration (AWWA, 1980; Linder and Meyer, 2010). In the Bellingham drinking water 
treatment plant, raw water from Lake Whatcom flows into two mixing basins where 
aluminum sulfate and cationic polymer are added as coagulants that trap small particles and 
colloidal matter, forming sticky flocs that clump together and are more easily removed 
during filtration. The water then flows through multimedia filters containing coarse 
anthracite coal (diameter 0.7–1.7 mm) and finer silica sand (diameter 0.3–0.7 mm). After 
filtration, the water exits the filters through underdrains into a 1 million gallon reservoir 
(clear well), then into a 16 million gallon reservoir. Sodium carbonate (soda ash) is added to 
raise the pH and the water is chlorinated; powdered, activated carbon may be added, when 
needed, to control taste and odor problems (City of Bellingham, 2013).  
 The Bellingham drinking water treatment plant currently uses six multimedia filters, 
with a total surface area of 3,300 ft2. The filters are designated to remove particles larger than 
2 µm (City of Bellingham, 2013). The coagulation/flocculation process is critically important 
because it converts small particles (e.g., some virus, bacteria, and colloids) to the size range 
that can be removed by the filters. The coagulants, aluminum sulfate and cationic polymer, 
are positively charged, while many small particulates are negative charged, resulting in an 
electrostatic attraction that helps form the flocs (Linder and Meyer, 2010). Coagulant dosage 
is largely subject to particles loading in untreated water and also varies depending upon algae 
type, dissolved natural organic matter and other water quality factors such as pH and 
alkalinity (City of Bellingham, 2005; Linder and Meyer, 2010). The City’s filters are 
backwashed periodically using treated water to remove accumulations of particles in the filter 




of poor filtration efficiency and is often associated with high turbidity in the raw water due to 
suspended sediments, algae, or other types of particulates. 
The efficiency of water filtration is measured using the “Unit Filter Run Volume” 
(UFRV), which is the amount of water in gallons produced from one square foot of filter 
before repeating the backwash process (Spellman, 2009; Pizzi, 2010; Matthews, et al., 2011; 
CH2M HILL, 2012). A good (efficient) water production rate is between 5,000–10,000 
gal/ft2 (Pizzi, 2010; Matthews, et al., 2011).   
 The direct filtration system used by Bellingham is applicable for raw water with low 
turbidity (≤10 NTU), minimal color, and plankton not exceeding 500–1000 areal stand 
unit/mL (1 asu/mL equivalent to 0.1 µg/L chlorophyll a; Culp, 1977; Twort, et al., 2000). 
Excessive loading of turbidity and phytoplankton cells can lead to rapid clogging of filters 
and reduced UFRV rates. Matthews, et al. (2004) reported that Lake Whatcom is undergoing 
a rapid increase in algal growth due to excessive nutrient loading. Chlorophyll 
concentrations, an indicator of algae biomass, and Cyanobacteria cell counts have increased 
at all monitoring sites in Lake Whatcom (Matthews, et al., 2013). In the summer of 2009, 
algal blooms in Lake Whatcom resulted in low UFRVs (minimum of 900 gal/ft2), which led 
to mandatory water restrictions (Starck, 2009; Matthews, et al., 2010; CH2M HILL, 2012). 
During that period, filters were backwashed substantially more frequently than usual, 
reducing the duration of water filtration (CH2M HILL, 2012). Matthews, et al. (2010; 2011) 
found that increasing cell densities of two types of Cyanobacteria (Aphanocapsa and 
Aphanothece) in raw water samples from the intake location were correlated with low 
filtration rates in the City’s treatment plant. These Cyanobacteria form large, sticky colonies 




(diatoms), were also abundant and may have contributed to filter clogging. These diatoms 
exude thread-like filaments that might bind the Cyanobacteria mucilage into a more cohesive 
algal mat. The summer algal cell densities in 2010 and 2011 did not cause the same degree of 
water shortages as in 2009, but this seemed to be largely due to different weather patterns.  In 
2009 there were large storms during the winter, followed by a prolonged hot and dry summer 
and high consumer water demand.  This weather pattern was not repeated in 2010 and 2011, 
and consumer demand was lower in response to the City’s request to follow voluntary water 
conservation measures (CH2M HILL, 2012). The 2010-2012 summer water filtration rates 
consistently dropped to levels of 2000–3000 gal/ft2, which could become problematic if 
Bellingham experienced a prolonged drought or heat wave.  
Several mitigation plans have been proposed by the City of Bellingham to address the 
water filtration problem, including installing additional filters; adding pretreatment to the 
existing treatment process; moving the intake to a different location in the lake; installing a 
secondary water intake; and varying the depth of intake (CH2M HILL, 2012). The 
Washington State Department of Ecology has set requirements for the City of Bellingham 
and Whatcom County to reduce the phosphorus loading into Lake Whatcom, with the aim of 
improving impaired water quality (Pickett and Hood, 2008). While implementation of the 
lake management program should eventually reduce the algal density in the lake, it will 
probably take decades for the lake to respond to any reductions in phosphorus loading 
(Pickett and Hood, 2008). Because the filtration issue could result in immediate water supply 
shortages, the City needs to explore alternatives that could offer a more rapid resolution of 




In 2011, the City contracted with CH2M HILL (21 Bellwether Way, Bellingham, 
WA) to set up a pilot plant that tested a pretreatment system to remove algae from the raw 
water prior to filtration. The pretreatment system used dissolved air floatation (DAF), which 
used microbubbles to trap fine suspended particles including phytoplankton, forming a 
floating scum layer that can be separated before the water flows into the filters. Operating the 
DAF adds to the water treatment cost, so the City should run the DAF only when seasonal 
algae blooms cause low filtration rates. The most direct way to do this would be to wait until 
the filter runs start to slow down. But if there are biotic or abiotic factors in the raw water 
that could serve as an early indicator of oncoming slow filtration rates, the City could take 
proactive actions in dealing with filter clogging.  
One slightly more economical alternative to the filter clogging problem would be to 
vary the depth of the City’s water intake, which is currently at about 10 meters depth in Basin 
2. This approach could be implemented quickly, but would only work if water could be 
drawn from depths with lower algae cell densities, while also avoiding the poor quality, low 
oxygen water from near the bottom of Basin 2 (Matthews, et al., 2013). Investigations of the 
phytoplankton vertical distribution near the Lake Whatcom intake could help evaluate the 
efficiency of this approach.  
Objectives  
My objectives were:  
1) To investigate summer algae cell densities and taxonomic composition in Lake 





2) To examine ambient water quality characteristics in Lake Whatcom and the screen 
house to see if there were patterns associated with low water treatment filtration rates; and 
3) To assess the water quality and algae in vertical profiles at the intake site to help 
determine whether drawing water from different depths would reduce filter-clogging algae in 
untreated source water. 
METHODS 
Sample Collection 
The water samples were collected at two sites: the onshore screen house (part of the City's 
drinking water treatment plant), and the offshore intake site in Basin 2 of Lake Whatcom 
(Figure 1). Water samples were collected from June 15 to November 30, 2011. Separate 
water samples were collected to measure water chemistry, chlorophyll, preserved 
phytoplankton, and live phytoplankton. Water temperature and dissolved oxygen were 
measured at each site using a field meter. All samples were collected and analyzed following 
the methods summarized in Table 2. 
Screen house site sampling 
Screen house samples were collected three times per week from June 15 to November 30, 
2011 from a sample well inside the screen house. An on-site fluorometer was set up in the 
screen house by Institute of Watershed Studies (IWS) to measure the in situ fluorescence of 
phycocyanin, a photosynthetic pigment found in Cyanobacteria, at 15-sec intervals. Water 
was pumped from the sample well through the fluorometer using a Model 1800 submersible 
pump. I collected my water samples from the fluorometer discharge tube. To account for 
diurnal effects, I varied the sample collection times. Monday samples were collected in the 




pm), and Friday samples were collected near noon (around 12:00 pm). Three samples could 
not be collected due to a broken pump (August 29, August 31 and September 2).  
The water chemistry samples were collected using acid washed 1-L Nalgene bottles; 
the chlorophyll samples were collected using acid-washed 1-L brown Nalgene bottles; and 
the phytoplankton samples were collected using acid-washed 250-mL Nalgene bottles. All 
bottles were rinsed with lake water 3 times before sampling. The bottles used for chemistry 
and preserved algae samples were filled to overflowing and capped to minimize headspace. 
Live algae samples were collected using a plankton net (20-µm mesh size) by allowing water 
to flow through the net for approximately 5 minutes. The live algae sample was transferred to 
a clean sample jar with 2-3 cm headspace for air and stored in a cooler containing ice. The 
Winkler dissolved oxygen samples were fixed and acidified in the field, then titrated in the 
lab. An YSI field meter used to measure the on-site water temperature and dissolved oxygen 
in the sample well.  
Lake Whatcom intake site sampling 
Lake Whatcom was sampled at approximately 2-week intervals in Basin 2, where the City's 
drinking water intake is located. Samples were collected on July 14, July 26, August 8, 
August 23, September 27, October 11, October 25, November 08, and November 22, 2011. 
Temperature and dissolved oxygen were measured in the field using a calibrated Hydrolab or 
YSI field meter. A peristaltic pump was used to collect water samples at the same depths as 
the Hydrolab or YSI measurements by attaching a Tygon tube to the field meter probe. 
Samples were collected at 1-meter intervals from the surface to 10 meters. Approximately 2 
liters of water were allowed to flow through the system to purge the sampling line before 




were filled at each depth to measure water chemistry, chlorophyll, and algae. Live algae were 
collected using a 20-µm plankton net by towing across the lake surface and vertically 
through the water column. All samples were placed in coolers on ice. The Winkler dissolved 
oxygen sample was fixed in the field, then acidified after returning to the laboratory.  
Sample Analysis 
Water chemistry 
Winkler dissolved oxygen, conductivity, pH, and turbidity were measured immediately after 
returning to the laboratory following the methods described in Table 2. The chlorophyll 
samples were filtered and stored in freezer before extracting with acetone and measuring on a 
calibrated fluorometer using the methods listed in Table 2.Water aliquots for alkalinity were 
placed into 50-mL Nalgene bottles, then stored in the refrigerator. All chlorophyll and 
alkalinity samples were analyzed within one week of collection. Water samples for nutrients 
were acidified and filtered if required (dissolved nutrients), then stored in the refrigerator 
until they could be analyzed by IWS. All nutrient samples were analyzed within the 
recommended holding time (APHA, 2005). 
Algae counts and biovolume estimation 
Unconcentrated algae samples were preserved with Lugol’s iodine solution after reaching the 
lab. The preserved algae were counted using the settling chamber method described by 
Hamilton, et al. (2001). The sample was mixed and poured into 25- or 50-mL settling 
chambers. The 25-mL settling chamber was used only for the samples with dense algae to 
minimize the counting errors. The sample was allowed to settle one hour per mL of chamber 
volume (i.e., 25 or 50 hours, respectively). After settling, the chamber was carefully replaced 




 The algae were counted using a Nikon Eclipse 90i compound microscope at 400x 
magnification. A total of ten fields per slide were chosen randomly and the algae in each 
field of view were identified to genus and enumerated. All taxonomic identification was 
based on AlgaeBase (Guiry& Guiry, 2013; Table 3). The sum of 10 field counts was 
converted into algal cell density (number of cells per mL) using Equation 1:  
Cell density (#/mL) =(S * C) / (A * F *Ch)                                 (Equation 1) 
Where S = slide well area (mm2) 
           C = total number of cells counted (#) 
 A = area of objective area (mm2) 
 F = number of fields counts (#) 
 Ch = settling chamber volume (mL) 
 Large colonial Cyanobacteria (Aphanocapsa/Aphanothece, Woronichinia, 
Cyanodictyon, and Snowella) contained too many tiny cells to count individually, so cell 
counts were estimated using a log2 range (Table 4). Aphanocapsa and Aphanothece were 
counted as a single taxonomic unit. These two genera are characterized by large, amorphous 
masses of tiny spherical to broadly rod-shaped cells that are quite difficult to separate by 
observation. The total number of cells counted (C in equation 1) was estimated by summing 
geometric means of the log2 range from 10 fields. There are two reasons for using the log2 
range to estimate the large colonies. First, since many cyanobacteria divide in pairs, doubling 
is a realistic approximation of cell division. Second, the log2 range creates a good break point 
at 16-32 cells to switch from counting individual cells to estimating the exponential range, 
without resorting to a much coarser log10 scale (R. Matthews, personal communications, 
January 2013; see Figure 2 for illustration of log2 cell estimation).  
 Algae biovolume was estimated using simplified geometric models described by 




measured using high resolution photographs with a script written by Dr. Geoffrey Matthews 
(Computer Science Department, Western Washington University) implemented on the GNU 
Image Manipulation Program (www/gimp.org). When possible, at least 10 photographs per 
taxon were measured. The individual cell biovolume for each taxon was estimated using the 
average cell dimensions applied to the closest geometric shapes (Tables 5–6). The algae cell 
counts were multiplied by the appropriate biovolume for each taxon to calculate algae 
biovolume in each sample.  
Quality Control  
To evaluate the precision and accuracy of field sampling, 10% of the water and algae 
samples collected in the field were duplicated. In addition, one Winkler dissolved oxygen 
sample was collected at each site to provide quality control for the dissolved oxygen 
measurements collected using a field meter. To assess laboratory analytical precision and 
accuracy, 10% of the laboratory analyses were duplicated. Quality control check standards, 
spikes, and blanks were included in each sample run for ammonium, nitrate/nitrite, total 
nitrogen, soluble reactive phosphate and total phosphorus. To ensure the counting accuracy, 
10% of the algae samples were resettled and recounted. Field and laboratory duplicates were 
analyzed according to IWS guidelines (Appendix A.1).  
  All analytical data were examined to identify outliers that might represent data entry 
errors or sample contamination. Nine soluble reactive phosphate outliers were excluded from 
the data set (Appendix A.2); these samples contained substantially higher soluble reactive 
phosphate concentrations than total phosphorus concentrations, which indicated sample 
contamination. Due to mechanical problems and the likelihood of biofouling, the 




Additional Data Available for Thesis 
During the time I was collecting samples at the intake and screen house, IWS was also 
collecting water quality samples in Lake Whatcom as part of their monitoring contract with 
the City of Bellingham. These additional data were used to supplement my results. In 
addition, data for filter efficiencies (UFRVs) and water treatment alum dose were provided 
by the City of Bellingham.  
Statistical Analyses 
I used the R program for statistical analysis (R Core Team, 2013). The data were examined 
using simple descriptive statistics and plotting to examine the general characteristics of each 
water quality variable and to detect outliers. The raw data were uncensored for most 
statistical tests, meaning that I did not omit or substitute values for results that were below 
the analytical detection limit. This creates a slight statistical bias; however, censoring data 
also inserts statistical bias, especially when the censored results are replaced with a single 
value. 
 I used correlation analysis as an exploratory tool to determine the relationship among 
water quality variables, biological variables and UFRVs. I chose to use a more conservative 
p-value (≤0.01) to help focus on the correlations that explained a higher proportion of 
variability in the data. The Shapiro test revealed that most of the variables were not normally 
distributed (Shapiro and Wilk, 1965), so non-parametric Kendall’s tau rank-based 
correlations were used for the correlation analyses (Kendall, 1948). 
To determine whether individual water quality parameters at the screen house were 
statistically different from the intake site, I used the Kruskal-Wallis Rank Sum Test, followed 




and Wallis, 1952; Holm, 1979). To compare the algae community at the two sites, I used 
Shannon’s diversity index (H') and Pielou’s J measure of equitability. Since sampling at the 
screen house and in Lake Whatcom occurred on different dates, I compared the screen house 
water quality and algae data collected immediately before and after the lake sampling dates.  
Multivariate analysis  
I used PCA-based hierarchical cluster analysis to test whether samples could be clustered 
into distinct filtration rate groups and to investigate the important variables associated with 
these groups. This method follows the general approach described by Ben-Hur and Guyon 
(2003), where PCA is used as a tool to identify groups of correlated variables that explain 
most of the variance in the data and to reduce the dimensionality of the original data set. My 
approach for this method is described below.   
 First, I established a-priori filtration rate categories using the characteristics of data 
distribution. A histogram was used to examine the UFRVs distribution. The bin width 





Where x = value of UFRVs 
            n = Number of UFRV samples 
This produced three groups: good UFRVs (≥3750 gal/ft2), intermediate UFRVs (2750 ‒ 3750 
gal/ft2) and poor UFRVs (≤2750 gal/ft2).  
 Next, PCA was conducted using all water quality parameters and algae taxa using the 
R program “prcomp”, which is based on a singular decomposition of the data and considered 
to be the most stable method (Lewis, 2010). The PCA is row-centered and scaled to unit 




of method detection limit (3.3 µg-P/L). Although this replacement causes a small statistical 
bias (zero variance associated with all substituted values), the overall effect is small because 
most of the measurements were within the detectable range. Total dissolved nitrogen was 
determined to be redundant with nitrate/nitrite and was excluded from the PCA. Filtration 
rates were excluded from the PCA because they were used to form categorical filtration 
groups. Total algal cell density and total algal biovolume were also excluded from PCA 
because they were derived variables. 
Last, hierarchical clustering (Euclidean distance and Ward’s minimum variance 
methods) was conducted using the first few PCs as new variables to determine whether the 
data could be clustered. This step produced unsupervised (blind) clusters. The unsupervised 
clusters mean that the clusters were developed without any knowledge of the categorical 
UFRV groups but based on natural separation in the water quality and phytoplankton data. 
After the clusters were developed, association analysis using chi-squared goodness of fit was 
used to examine the relationship between the UFRV groups and the hierarchical clusters. 
RESULTS AND DISCUSSION 
Water Filtration Rates in 2011 
In 2011 the water filtration rates were high during the winter, decreased in the spring, 
remained low during summer and fall, then started to increase again in December (Figure 3).  
The daily average UFRV was above 5000 gal/ft2 until late June, 2011, then dropped below 
5000 gal/ft2 during the summer. During my sampling period (June 15 to November 30), the 
median UFRV was 3261 gal/ft2, with a maximum of 5503 gal/ft2 on June 22 and minimum of 
2332 gal/ft2 on November 30, 2011. The City adjusts alum dosage rates based on raw water 




July to October ranging from 6.56 mg/L to 12.36 mg/L, which was inversely related to 
filtration rates (Figure 4). 
Water Quality and Phytoplankton at the Screen House 
Water quality  
Water temperature at the screen house ranged from 8.8 ℃ to 19.2 ℃, with a median of 
15.4 ℃. The maximum and minimum were observed in mid-September and the end of 
November, respectively. After late September, temperature decreased steadily and was less 
variable than earlier in the year. The cooling pattern was probably due to seasonal 
atmospheric cooling, reduced daylight length, and increased wind speed and duration, which 
would generate more intense internal water circulation in Basin 2. The reduced variability 
corresponded to Basin 2 destratification, so it probably reflects the greater uniformity in 
water column temperatures at all locations in Basin 2. Dissolved oxygen ranged from 7.8 
mg/L to11.6 mg/L at the screen house, with lower concentrations in mid-September and 
higher concentrations in November. The conductivity values showed little variation 
throughout the study period, ranging from 58.1 µS/cm to 60.5 µS/cm. Similarly, the pH 
values were relatively consistent, ranging from 7.2 to 7.9, with a median of 7.4. 
 Turbidity was usually below 1.0 NTU (median = 0.6 NTU), except for two higher 
values of 1.4 NTU and 1.8 NTU on August 12 and September 28, respectively (Figure 6). 
The alkalinity concentrations increased >15% during the study period from 17.5 mg/L to 
20.4 mg/L (Table 7; Figure 6).   
  The nitrite/nitrate and total nitrogen decreased from early summer to late fall (Table 
7; Figure 7). The ammonium concentrations were highly variable, ranging from below the 




7; Figure 6). Twenty-seven percent (19 out of 70) of the total phosphorus samples were 
below the detection limit (3.3 µg-P/L) and one (out of 65) soluble reactive phosphate samples 
was below detection (1.7 µg-P/L). Soluble reactive phosphate concentrations were low 
throughout the sampling period, with the highest value being present in late July (7.1 µg-
P/L). The highest total phosphorus concentration, 22.4 µg-P/L, was measured in late August 
(Table 7; Figure 7). Chlorophyll concentrations were fairly consistent through early summer 
and fall, except for a major decline during September (Table 7; Figure 6).     
 Phytoplankton 
A total of 62 genera from 7 phyla were presence at the screen house during the sampling 
period (Appendix B; Appendix E). The taxa were distributed across seven phyla: 
Heterokontophyta (23 genera), Cyanobacteria (8 genera), Chlorophyta (22 genera), 
Charophyta (5 genera), Dinophyta (2 genera), Cryptophyta (2 genera) and Euglenophyta 
(1genus). The phylum Heterokontophyta includes a special group of algae, the diatoms (sub-
phylum Bacilliariophyta; classes Coscinodiscophyceae, Fragilariophyceae and 
Bacillariophyceae), all of which have silica in the cell wall and a yellow-brown color. 
Diatoms often dominate the algae community in Lake Whatcom (Matthews and DeLuna, 
2008; Matthews, et al., 2013), so to emphasize the importance of this group, I will discuss 
them separately from the other types of Heterokontophyta (primarily Chrysophyceae and 
Synurophyceae). The phyla Chlorophyta and Charophyta are both considered to be types of 
green algae, and contain chlorophyll a and chlorophyll b in the chloroplast. The phylum 
Charophyta includes several common genera of filamentous algae (Spirogyra, Mougeotia, 
Zygnema) and desmids (order Desmidiales). The Charophyta lack motile reproductive cells, 




The total algal cell density increased dramatically during June, continued to increase 
slowly through mid-October, and then decreased through the end of November (Figure 8). 
The total algal biovolume followed an erratic temporal pattern but was generally lower 
during June, increasing to reach in a maximum of 4.7×106 µm3/mL in late July, then showing 
a general decline in November (Figure 9).  
Algal cell density is often an inaccurate indicator of algal biomass because of the great 
variation in cell size that occurs in the algal community (Stevenson, et al., 1996). In Lake 
Whatcom, for example, algae cell biovolume varied from 2 µm3 to over 9×104 µm3. And 
some of the genera with the smallest cells had very high densities (up to 12,000 cells/mL), 
approximately 100 times higher than the densities of the genera with larger cells (Appendix 
B.1). Algal cell density alone would not be sufficient to describe algal biomass. For this 
reason, algal biovolume estimates are used to help account for the differences in cell 
sizes.  But measuring algal biovolume is very time-consuming, as is identifying and counting 
algae.  Chlorophyll is widely used to characterize the algal biomass, but it also has 
limitations (Stevenson, et al., 1996). In particular, the chlorophyll content in cells changes in 
response to variations in cell age, light intensity and nutrient levels.  In addition, chlorophyll 
biomass does not account for variations in the algal community structure, such as whether the 
community is dominated by cyanobacteria or other types of algae. 
Cyanobacteria dominated the algal cell density in the screen house samples (median 
relative density = 87.1%; Table 8). There were a few exceptions. For example, on June 17, 
Chlorophyta had a relative cell density of 49.1% and on June 20, Bacilliariophyta had a 
relative cell density of 30.8%, exceeding the Cyanobacteria relative cell densities (Figure 9; 




dominant taxon in term of relative cell density (median = 81.4%), followed by Cyclotella 
(diatom), with a median relative cell density of 1.8%. 
The relative biovolume was dominated by Bacilliariophyta (median = 80.9%; Table 8), 
with Cyanobacteria representing a median of 4.5% of the relative biovolume (Table 8; Figure 
10). Cyclotella, and Stephanodiscus, another diatom, had the highest relative biovolume, with 
medians of 34.2% and 9.9%, respectively. These diatom taxa have large, cylindrical cells, so 
their contribution to biovolume was disproportionately high compared to their cell counts. 
Aphanocapsa/Aphanothece, which have tiny cells, composed a relatively small percent of the 
relative biovolume (median = 3.8%; Table 8).  
Correlation between water quality variables 
There were a large number of correlations between water quality variables, so to focus on the 
most important patterns in the data I adopted a more conservative significant level of 0.01 to 
focus on the correlations that explain the most variance. At this level there were 15 
significant correlations among water quality variables (Table 9). The strongest correlations 
were between temperature and dissolved oxygen (tau = -0.61, p-value ≤ 0.0001; Figure 12) 
and between nitrate/nitrite and total nitrogen (tau = 0.78, p-value ≤ 0.0001; Figure 13). Both 
correlations were expected because they reflect well-documented water quality relationships. 
Temperature and oxygen are typically inversely correlated because cold water holds more 
dissolved oxygen than warm water (Wetzel, 2001). Total nitrogen and nitrite/nitrate were 
correlated because most of the nitrogen in the sample was in the form of nitrite/nitrate.  
 Conductivity is related to the concentration of charged ions in the water, including 
Cl-, SO42-, CO32-, HCO3-, Ca2+, Na+, Mg2+, so it was not surprising that conductivity was 




to pH change, which is determined by the concentrations of CO32- , HCO3- , OH-, and other 
compounds that are able to buffer the water sample. The strong positive correlation between 
conductivity and alkalinity may be related to anions (e.g., CO32- , HCO3-) that contribute to 
both measurements. Alkalinity and nitrate/nitrite were significantly correlated (tau = -0.51, p-
value ≤0.0001), which may indicate covariance, with both parameters responding to other 
environmental factors such as photosynthesis, nitrogen assimilation and biological reduction 
(Brewer and Goldman, 1976; Wetzel, 2001; Wolf-Gladrow, et al., 2007).  
The correlations between chlorophyll and water quality variables, although 
statistically significant, were relatively weak (tau ≤ 0.3). Chlorophyll was positively 
correlated with turbidity (tau = 0.28), but turbidity is also influenced by non-algal particles, 
e.g., silt.  
Chlorophyll is used as an indicator of algal biomass, but the deficiency in this overly 
simplistic assumption shows up clearly because it was not correlated with total cell densities 
and total biovolume, based on my conservative p-value (Table 9). Several factors may have 
contributed to the lower than expected correlations between chlorophyll, total cell density 
and total biovolume. Chlorophyll can vary due to change in external environmental 
conditions such as temperature, light intensity and nutrient availability (Felip and Catalan, 
2000; Zamyadi, et al., 2012). High light intensity and nutrient limitation can lead to a 
reduction in the chlorophyll concentration in a cell. Chlorophyll also varies in relation to cell 
size. Small cells contain proportionally less chlorophyll than bigger cells if other factors are 
essentially equal. Thus, large numbers of Aphanocapsa/Aphanothece would not necessarily 
have a significant effect on the chlorophyll concentration in a water sample. In addition, 




chlorophyll. Degradation of chlorophyll occurs at late growth stage despite lack of apparent 
mortality and cell lysis (Franklin, et al., 2012). This factor could explain the decoupling 
temporal trend between chlorophyll and total biovolume in September (Figure 6; Figure 8-9). 
The drop in chlorophyll in September, without a concurrent decline in total biovolume, may 
have been associated with a changing algal community composition, with taxa that 
dominated during spring and summer dying back and being replaced by fall taxa.  
Correlation between filtration rates, water quality, and phytoplankton 
My first two thesis objectives were to determine whether there were patterns in the water 
quality and phytoplankton measurements at the screen house that were correlated with water 
filtration rates. There were significant correlations (p-value ≤0.01) between UFRVs and three 
water quality variables (Table 9) and eleven algal genera (Table 10). The strongest 
correlations between UFRVs and water quality were with nitrate/nitrite (tau = 0.41) and 
alkalinity (tau = -0.40). The correlation with alkalinity would not provide a good, single-
factor indicator for predicting slow filtration rates because the alkalinity concentration range 
was so small that measuring differences is difficult. The IWS laboratory uses special low-
ionic strength buffers and sensitive equipment to measure alkalinity at these low levels (R. 
Matthews, personal communications, 2013). The correlation between UFRVs and 
nitrate/nitrite revealed a complicated pattern. At high concentrations of nitrate/nitrite (225 to 
350 µg-N/L) there was a linear relationship between nitrate/nitrite and filtration rates (Figure 
14). As nitrate/nitrite concentrations dropped below 225 µg-N/L, the linear pattern 
disappeared, but the filtration rates remained low. This suggests that nitrate/nitrite 
concentrations might provide a threshold concentration that could be used to predict the onset 




suggesting that slow filtration is not a simple function of the amount of algae in the water, 
but rather a more complex interaction between quantity and type of algae in the water.  
Total algal cell density and total algal biovolume were not strongly correlated with 
UFRVs, using the conservative p-value of ≤0.01 (Table 9). Applying this same conservative 
p-value (0.01), eight genera were negatively correlated with filtration rates, while three 
genera were positively correlated (Table 10). Among the correlated genera, Tetraedron and 
Stauroneis were rarely present, representing 12% and 8% of the 67 samples, respectively, 
while all other algal genera were more common. The genus Cyclotella, which was expected 
to be correlated with filtration rates because it produces long fibers, was not significantly 
correlated with the UFRVs. This does not mean that Cyclotella does not contribute to slow 
filtration, but it does mean that the presence of Cyclotella alone is not sufficient to predict 
slow filtration. 
Multivariate Analysis 
Principal components analysis was performed using the combined water quality and 
phytoplankton cell density data. As indicated in the Methods section, total nitrogen, filtration 
rates (UFVRs), total cell density and total biovolume were excluded from the PCA. 
Hierarchical clustering was performed using Euclidean distance and Ward’s minimum 
variance clustering method, based on the first few principal components as clustering 
variables, following the approach described by Ben-Hur and Guyon (2003). 
 The first step in the Gen-Hur and Guyon approach is to identify the minimum 
number of principal components to use for clustering, based on finding clustering stability. 




water quality and phytoplankton data, resulted in the fewest misclassifications1 of samples 
into my original three filtration rate categories described in the Methods section (Figure 15 
and 16). Labeling the clusters by filtration categories revealed that one cluster contained all 
“poor filtration” samples (UFRVs ≤2750 gal/ ft2) and one cluster (far left) contained all 
“good filtration” samples (UFRVs >3750), but the intermediate samples were distributed 
among all three hierarchical clusters (Figure 16). Chi-squared association analysis indicated 
that although the three cluster groups were significantly associated with filtration groups 
(𝑋2= 33.6, p-value ≤0.0005), only group 3 actually had significantly different filtration rates 
(pairwise Wilcoxon Rank tests, Table 11).  
 The relatively high misclassification rate (53%) revealed that the samples did not 
actually fall into three filtration rates groups. This is clearly illustrated by the overlap in 
UFRVs between hierarchical cluster groups 1 and 2 (Figure 17). A much better separation of 
the samples was achieved by merging two of the hierarchical cluster groups, which merged 
all of the poor filtration samples and most of the intermediate filtration samples (Figure 18). 
The original cluster group 3 then became cluster group 2, which contained all of the good 
filtration samples and six intermediate filtration samples. With this arrangement, the UFRVs 
of cluster groups 1 and 2 were significantly different (Kruskal-Wallis Rank Sum test, chi-
squared = 27.3, p-value ≤ 0.0001; Table 11, Figure19). This new unsupervised cluster 
formation should be more helpful for identifying water quality and algal features associated 
with poor filtration. Therefore, the final separation was into two filtration groups (low 
UFRVs = 2332–3767 gal/ft2 and high UFRVs = 3146–5503 gal/ft2), which align with the 
                                                            
1 Misclassification is defined as the number of samples from the same filtration rate groups that were placed 
into different cluster groups. The rate of misclassification (%) was calculated as follows:  
𝑁𝑜.  𝑚𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑑 𝑑𝑎𝑡𝑎 






unsupervised hierarchical clusters formed from the first four principal components generated 
using the water quality and phytoplankton data.  
It should be reiterated that the hierarchical splits were formed without any 
information about filtration rate. There is no a-priori reason that the hierarchical clusters 
should align with filtration categories. But, because there were distinct hierarchical clusters, 
and these clusters were associated with low and high filtration rates, there is a good chance 
that there will be multivariate patterns that should be explored in the data. To start looking 
for multivariate patterns, I examined the PCA variable loading scores for the first four 
principal components. Variable loadings explain the degree of importance that the original 
water quality and algae variables have on the principal components. The first principal 
component, PC1, was the most important component for creating the unsupervised 
hierarchical cluster groups. Examining the variable loading scores from PC1 should provide 
useful information about which algal and water quality variables were collectively associated 
with water filtration rates.   
Table 12 shows the top ten positive and negative variable loading scores for PC1-4.   
The first principal component was positively influenced by alkalinity and conductivity and 
negatively influenced by nitrate/nitrite, ammonium, and dissolved oxygen. Taxa that were 
positively related to PC1 included Aphanocapsa/Aphanothece, Cyanodictyon, and 
Chroococcus (Cyanobacteria); Stephanodiscus (Heterokontophyta); Chlamydomonas and 
Scenedesmus (Chlorophyta); and Peridinium and Gymnodinium (Dinophyta). Table 13 shows 
the median values for each of these variables separated by the two filtration groups. In most 
cases, the differences are obvious. The taxa, Cyanodictyon, Snowella, Stauroneis, Pinnula, 




low median cell densities for both filtration rate groups (≤ 1 cell/mL) so they were omitted 
from Table 13. The high filtration group had higher medians for alkalinity and conductivity 
and lower medians for dissolved oxygen, nitrate/nitrite and ammonium in low filtration rate 
cluster group. Stephanodiscus, Aphanocapsa/Aphanothece, Scenedesmus, Chlamydomonas, 
Peridinium and Gymnodinium had higher median cell densities in the low filtration rate 
group while Komma/Chroomonas and Dinobryon had lower medians.  
In PC2, 3 and 4, temperature, chlorophyll, soluble reactive phosphate, turbidity and 
21 algae genera were listed as having high variable loading scores (Table 12). The median 
values of these variables were, in most cases, clearly different between the two filtration 
groups.  A few of the variables seemed to have marginal differences (e.g., chlorophyll, 
soluble reactive phosphate, turbidity). In addition,  Chroococcus, Pseudanabeana, 
Cocconeis, Diploneis, Gloeobotrys, Actinastrum, Coelastrum and Geminella, which had 
higher PCA loading scores in PC2–4, were omitted because the median cell densities were 
low (≤1 cells/mL). Fragilaria, Synedra, Thalassiosira and the Naviculoid group 
(Bacilliariophyta); Scenedesmus and Elakatothrix (Chlorophyta); and Cosmarium 
(Desmidiales) all had higher median cell densities in the low filtration group. Cyclotella, 
Urosolenia (Bacilliariophyta) and Mallomonas (Heterokontophyta) had lower median cell 
densities in the low filtration group. 
The multivariate analysis revealed that several algae taxa and water quality 
parameters were directly associated with low filtration rates during the summer. Unlike 
bivariate correlation, which could only identify monotonic associations between pairs of 
variables, multivariate analysis identified groups of variables that collectively were 




weakly correlated with individual genera (Table 10). 
  Low filtration rates were associated with a mixture of algae taxa from Cyanobacteria, 
Bacilliariophyta, Chlorophyta and Dinophyta. Median cell densities of 
Aphanocapsa/Aphanothece, Synedra, Thalassiosira, the Naviculoid group, Scenedesmus, 
Chlamydomonas, Elakatothrix and Cosmarium were 2-3 times higher in the low filtration 
rate group than in high filtration rate group. In comparison, only five algae taxa, 
Mallomonas, Dinobryon, Cyclotella, Urosolenia and Komma/Chroomonas, were present at 
higher densities in the high filtration rate cluster group.    
Cell morphology, the presence of a mucilaginous matrix, and extruded fibers seems to 
be at least partly related to low filtration rates. Elongated and chain-like filamentous cells 
have been blamed for causing filter-clogging in other settings (Mackenthun & Keup, 1970; 
Joh et al., 2011). Synedra and Fragilaria have been reported as problematic algae associated 
with filter-clogging (Mackenthun and Keup, 1970). Joh, et al. (2011) found that the filter 
backwash frequency increased significantly when the Synedra acus cell density in the source 
water was 200-500 cells/mL. In my study, Synedra reached a maximum of 664 cells/mL on 
September 7, during the period when filtration rates were low. Both Synedra and Naviculoid 
group algae have elongated cells, and Synedra cells were frequently aggregated in my 
samples, forming radiating, star-shaped colonies. Fragilaria forms chain-like filaments. All 
of these morphological properties may have contributed to the filter-clogging issues in the 
Bellingham drinking water treatment plant. 
Many algae excrete mucilage, and the slimy and adhesive properties of algal 
mucilage appeared to be related to low filtration rates. Aphanocapsa/Aphanothece have tiny 




produce mucilaginous threads. Gymnodinium is also able to generate thick layers of 
mucilage, which usually is invisible unless stained by methylene blue (Matthews, personal 
communication, 2013). Mucilage greatly increases the colony surface area and volume. Some 
colonies of Aphanocapsa and Aphanothece reach diameters of 400 µm (John, et al., 2005). 
The sticky structure of these colonies may bind with other particles, including other algae, 
forming large algal mats. This mat could form a layer on top of the filter media, obstructing 
the movement of water through the filter. 
  The water quality conditions that were associated with low filtration rates included 
higher temperature, alkalinity, and conductivity levels, and lower dissolved oxygen, 
turbidity, ammonium and nitrate/nitrite concentrations. Nitrate/nitrite and alkalinity had the 
strongest bivariate correlations with UFRVs, and were among the most influential variables 
in the multivariate analysis.  
All of these water quality associations seem to be related to seasonal algal trends in 
Lake Whatcom. Lake Whatcom experiences late summer depletion of dissolved inorganic 
nitrogen (ammonium, nitrite, and nitrate) due to algal uptake in the epilimnion (Matthews, et 
al., 2002). This nitrogen depletion occurs at about the same time as blooms of 
Aphanocapsa/Aphanothece, Synedra, and other summer diatoms. So the correlation between 
low filtration rates and nitrate/nitrite is most likely an indirect indicator that the summer 
algae populations are reaching peak cell densities.  
Water Quality and Phytoplankton at the Lake Whatcom Intake  
There were two major goals for this portion of my study. First, I wanted to evaluate the 
similarity and differences between the screen house samples and water in Lake Whatcom at 




characterize the variation in vertical profiles through the water column. This information 
would help the City to decide whether varying the depth of the intake would help mitigate the 
filtration problem by drawing water that had lower concentrations of phytoplankton. 
 During the sampling period, stable thermal stratification was not observed at the 
intake site (Figure 20). Water temperatures ranged from 9.5 °C to 20.7 °C and were fairly 
uniform throughout the water column (Appendix C). On August 8, a slight temperature 
gradient was observed, with a difference of 2.8 ℃ between the surface and bottom depths, 
but this temperature difference is not sufficient to create a stable stratification of the water 
column. Thermal stratification developed in deeper area of Basin 2 in early summer and 
persisted until late October. During stratification, the thermocline was present between 
depths of 10 m to 15 m in Basin 2.  
Dissolved oxygen concentrations were nearly homogenous in the water column at the 
intake site except on July 14, when the dissolved oxygen dropped 0.6 mg/L at 8 m, and on 
July 26, when dissolved oxygen concentrations were slightly higher above 4 m (Figure 21). 
All of the other measured water quality parameters were more or less uniform throughout the 
water column (Appendix C). Although the water column was reasonably homogeneous on 
each sampling date, there were obvious temporal changes in water quality (Figures 22–24). 
These temporal changes were consistent with water quality changes measured at the screen 
house.  
 Water temperatures at the intake reached a maximum in August and then steadily 
decreased through November. Dissolved oxygen concentrations increased until August, 
dropped slightly on September 27, then continued to increase through November. 




most of the sampling period, which was similar to the pattern observed in samples from the 
screen house. The pH levels were relatively high through August, and then declined to about 
7.2 in late November. Chlorophyll concentrations increased slowly over most of the summer, 
peaking in October, then falling in November. On most dates the chlorophyll concentrations 
were relatively uniform throughout the water column. The only major exception was August 
8 (Figure 23), when the concentrations ranged from 3.2 µg/L to 4.8 µg/L.  
The ammonium concentrations were usually below detection, except on September 
27 (median of 5.5 µg-N/L) and November 8 (median of 15.1 µg-N/L). Nitrate/nitrite and 
total nitrogen followed identical trends, starting high in the early summer, declining as a 
result of algal uptake, then increasing in November after turnover in Basin 2. Most of the 
soluble reactive phosphate concentrations were low except for a spike throughout the water 
column on November 8 (median 14.6 µg-P/L), which may have been caused by the 
suspension and distribution of high concentrations of hypolimnetic phosphorus during 
turnover in Basin 2 (Matthews, et al., 2010; 2011; 2012; 2013). Total phosphorus 
concentrations were consistent in most of the samples.  
The phytoplankton community at the intake was similar to the algae in samples from 
the screen house. A total of 64 taxa were collected in the intake samples (Appendix B.2), 
increasing the total number of taxa collected during my study to 69. Of these, only 10 taxa 
were not present at both sites (Table 15). As with the screen house samples, Cyanobacteria 
dominated the algae cell densities and Bacilliariophyta dominated the algal biovolume in the 
intake samples. At the genus level, Aphanocapsa/Aphanothece and Cyclotella were the 




Bacilliariophyta, were uniformly distributed throughout the water column on every sampling 
date. 
  The Kruskal-Wallis rank sum test was used to determine if any of the water quality or 
phytoplankton variables were statistically different between the intake and screen house sites 
or between depths on a specific sampling date. None of the intake variables were 
significantly different at the depths in the water column. Only pH (Chi-square = 27.4, p-value 
≤0.05) and ammonium (Chi-square = 32.8, p-value ≤0.05) were significantly different 
between the intake and the screen house sites. A large number of the ammonium 
concentrations were below the analytical detection limits, so this statistical result is not very 
reliable, even for rank-based tests. Similarly, the pH differences did not appear to show a real 
pattern. Using pairwise Wilcox test with Holm’s correction for repeated measurements, I 
found that the screen house pH values were only significantly different from intake pH 
values at 2, 7, and 8 meters depth (p-value ≤0.05). But the 2, 7, and 8 meter pH values were 
not significantly different from pH values at any other depths in the water column. From 
these results, it appeared that the water quality conditions and phytoplankton composition at 
the intake were very similar to what was present at the screen house. Furthermore, the 
unstratified water column at the intake resulted in fairly uniform water quality and plankton 
conditions at all depths on any particular date. The most important differences were seasonal 
changes in water quality and algae. Spatial differences between the screen house and the 
intake or between depths at the intake were essentially insignificant.   
SUMMARY AND CONCLUSIONS 
Sixty-two genera from the phyla Cyanobacteria, Heterokontophyta (including sub-phylum 




samples from the Bellingham drinking water treatment plant screen house between June 15 
and November 30, 2011. Cyanobacteria dominated the cell densities of the algal community 
and Bacilliariophyta dominated the biovolume. Within the Cyanobacteria, 
Aphanocapsa/Aphanothece dominated cell density while Cyclotella (Bacilliariophyta) 
dominated the biovolume.   
 Hierarchical clustering using the first four principal components generated 
uninformed clusters that were associated with low and high filtration rate groups. A mixture 
of algae genera appeared to have contributed to low filtration rates. 
Aphanocapsa/Aphanothece, Stephanodiscus, Fragilaria, Synedra, Thalassiosira, Naviculoid 
group, Scenedesmus, Chlamydomonas, Elakatothrix, Cryptomonas, Gymnodinium and 
Peridinium were present in considerably higher cell densities in samples that formed the low 
filtration rate group. The group was also associated with higher water temperature, 
conductivity and alkalinity levels, as well as lower ammonium, nitrate/nitrite and turbidity 
concentrations.  
The strongest water quality relationship was between nitrate/nitrite and filtration 
rates. This relationship was present in both bivariate correlation analysis and multivariate 
analysis. Nitrate/nitrite concentrations approaching 225 µg-N/L could be considered a 
potential early warning indicator for filter clogging.  
Many of the phytoplankton present during slow filtration at the water treatment plant 
produce mucilage or have cell structures that could contribute to mat formation. No single 
algal taxon appeared to be useful as an indicator of slow water filtration, but collectively, 
Aphanocapsa/Aphanothece, Stephanodiscus, Fragilaria, Synedra, Thalassiosira, Naviculoid 




Peridinium were present in much higher cell densities in samples from the slow filtration 
group. 
 Stable thermal stratification was not observed at the intake site in Lake Whatcom. 
The water chemistry and phytoplankton community structure were mostly uniform 
throughout the water column. In addition, the water quality and phytoplankton composition 
was very similar between the screen house and the intake site. Because of this similarity 
between the two sites, it does not appear likely that varying the water withdrawal depth at the 
intake site would have much effect on the water quality or the phytoplankton community at 



















APHA, 2005. Standard Methods for the Examination of Water and Wastewater. 21nd ed. 
Washington,DC: American Public Health Association, American Water Works 
Association and Water Environment Federation. 
AWWA, 1980. The status of direct filtration. American Water Works Association Journal, 
72, pp. 405-411.  
Ben-Hur, A. and Guyon, I., 2003. Detecting stable clusters using principal component 
analysis. In: M.J. Brownstein and A. Kohodursky, eds. 2003. Functional Genomics: 
methods and protocols. Totowa, N.J.: Humana Press. pp.159-182. 
Brewer, P.G. and Goldman, J.C., 1976. Alkalinity changes generated by phytoplankton 
growth. Limnology and Oceanography, 21, pp.108-117. 
CH2M HILL, 2012. Filter-Clogging Algae Mitigation Evaluation. [pdf] Report to the City 
of Bellingham. Available at < http://www.cob.org/documents/pw/lw/algae-
mitigation-evaluation-report-june-2012.pdf> [Accessed 19 September 2013]. 
City of Bellingham, 2005. City of Bellingham source water and treatment trend: a 
summary of findings of Lake Whatcom monitoring and drinking water treatment. 
[pdf] Bellingham: City of Bellingham. Available at < 
http://www.cob.org/services/environment/lake-whatcom/water-supply-
treatment.aspx> [Accessed 19 September 2013]. 
City of Bellingham, 2013. Water Treatment Process [online] Available at: 





Culp, R.L, 1977. Direct filtration. American Water Works Association Journal, 69, pp.375-
378. 
Felip, M. and Catalan, J., 2000. The relationship between phytoplankton biovolume and 
chlorophyll in a deep oligotrophic lake: decoupling in their spatial and temporal 
maxima. Journal of Plankton Research, 22, pp.91-105. 
Franklin, D.J., Airs, R. L., Fernandes, M., Bell, T.G., Bongaerts, R.J., Berges, J.A. and 
Malin, G., 2012. Identification of senescence and death in Emiliania huxleyi and 
Thalassiosira pseudonana: Cell staining, chlorophyll alterations and 
dimethylsulfoniopropionate (DMSP) metabolism. Limnology and Oceanography, 
57(1), pp. 305-317. 
Guiry, M.D. and Guiry, G.M., 2013. AlgaeBase. World-wide electronic publication, 
National University of Ireland, Galway. Available at < http://www.algaebase.org> 
[Accessed 17 September 2013]. 
Hamilton, P.B., Proulx, M. and Earle, C., 2001. Enumerating phytoplankton with an upright 
compound microscope using a modified settling chamber. Hydrobiologia, 444, pp. 
171-175. 
Hillebrand, H., Dürelen, C., Kirschtel, D., Pollingher, U. and Zohary, T., 1999. Biovolume 
calculation for pelagic and benthic microalgae. Journal of Phycology, 35, pp.403-
424. 
Holm, S., 1979. A simple sequentially rejective multiple test procedure. Scandinavian 






Joh, G., Choi, Y.S., Shin, J. and Lee, J., 2011. Problematic algae in the sedimentation and 
filtration process of water treatment plants. Journal of Water Supply: Research and 
Technology, 60, pp. 219-230. 
John, D.M., Whitton, B.A. and Brook, A.J., 2005. The Freshwater Algal Flora of the 
British Isles: an identification guide to freshwater and terrestrial algae. London: 
The University of Cambridge. 
Kendall, M.G., 1948. Rank correlation methods. Biometrika, 36, pp.177-193. 
Kruskal, W.H. and Wallis, W.A., 1952. Use of ranks in one-criterion variance analysis. 
Journal of the American Statistical Association, 47, pp. 583-621. 
Linder, K.D. and Meyer, K.J., 2010. Algae removal strategies. In: Algae: Source to 
Treatment. Denver: American Water Works Association. Ch.17. 
Mackenthun, K.M. and Keup, L.E., 1970. Biological problem encountered in water 
supplies.  American Water Works Association Journal, 62, pp. 520-526. 
Matthews, R. A. and Deluna, E., 2008. Metalimnetic oxygen and ammonium maxima in 
Lake Whatcom, Washington (USA). Northwest Science, 81, pp. 18-29. 
Matthews, R. A., Hilles, M., Vandersypen, J., Mitchell, R.J., and Matthews, G. B., 2004. 
Lake Whatcom Monitoring Project 2002–2003 Final Report. Report to the City of 
Bellingham, Institute for Watershed Studies, Western Washington University. 
Matthews, R. A., Hilles, M., Vandersypen, J., Mitchell, R.J., and Matthews, G. B., 2010. 
Lake Whatcom Monitoring Project 2008–2009 Final Report. Report to the City of 




Matthews, R. A., Hilles, M., Vandersypen, J., Mitchell, R.J., and Matthews, G. B., 2011. 
Lake Whatcom Monitoring Project 2009–2010 Final Report. Report to the City of 
Bellingham, Institute for Watershed Studies, Western Washington University. 
Matthews, R. A., Hilles, M., Vandersypen, J., Mitchell, R.J., and Matthews, G. B., 2012. 
Lake Whatcom Monitoring Project 2010–2011 Final Report. Report to the City of 
Bellingham, Institute for Watershed Studies, Western Washington University.  
Matthews, R. A., Hilles, M., Vandersypen, J., Mitchell, R.J., and Matthews, G. B., 2013. 
Lake Whatcom Monitoring Project 2011–2012 Final Report. Report to the City of 
Bellingham, Institute for Watershed Studies, Western Washington University.  
Mitchell, R., Gabrisch, G. and Matthews, R., 2010. Lake Whatcom bathymetry and 
morphology. Report to the City of Bellingham, Institute for Watershed Studies, 
Western Washington University. 
Olennia, I., Hajdu, S., Andersson, A., Wasmund, N., Busch, S., Gobel, J., Huseby, S., 
Huttunen, M., Jaasnus, A., Kokkonen, P., Ledaine, I. and Niemkiewicz, E., 2006. 
Biovolumes and size-classes of phytoplankton in Baltic Sea. Baltic Sea 
Environment Proceedings, no.106. 
Pickett, P. and Hood, S., 2008. Lake Whatcom Watershed Total Phosphorus and Bacteria 
Total Maximum Daily Loads: water quality improvement report and implementation 
strategy (public review draft). [pdf] Olympia: Department of Ecology. Available at: 





Pizzi, N.G., 2010. Water Treatment: Principles and Practices of Water Supply Operations 
(Water Supply Operations Series). 4th ed. Denver: American Water Works 
Association.  
R Core Team, 2013. R: A language and environment for statistical computing. [online] 
Vienna, Austria: R Foundation for Statistical Computing. Available at 
<http://www.R-project.org>. 
Shapiro, S.S. and Wilk, M.B., 1965. An analysis of variance test for normality (complete 
samples). Biometrika, 52, pp. 591-611. 
Spellman, F.R. 2009. Handbook of Water and Wastewater Treatment Plant Operations. 2nd 
ed. Boca Raton: CRC Press.  
Starck, C., 2009. Algae restricts water flow in Whatcom County. KOMOnews, [online] 
(Last Updated 3:21 AM PST on Oct 30, 2013). Available at: < 
http://www.komonews.com/news/local/51654137.html> [Accessed 13 November 
2013] 
Stevenson, R.J., Bothwell, M.L. and Lowe, R.L., 1996. Algae Ecology: Freshwater Benthic 
Ecosystem. London: Academic Press.  
Sun, J. and Liu, D., 2003. Geometric models for calculating cell biovolume and surface area 
for phytoplankton. Journal of Plankton Research, 25, pp. 1331-1346. 
Twort, A.C., Ratnayaka, D.D. and Brandt, M.J., 2000. Water Supply. 5th ed. London: 
Arnold and IWA Publishing. 





Wolf-Gladrow, D.A., Zeebe, R.E., Klaas, C., Kotzinger, A. and Dickson, A.G., 2007. Total 
alkalinity: the explicit conservative expression and its application to biogeochemical 
processes. Marine Chemistry, 106, pp287-300. 
Zamyadi, A., McQuaid, N., Prevost, M. and Dorner, S., 2012. Monitoring of potentially 
toxic Cyanobacteria using a multi-probe in drinking water sources. Journal of 








Figure 1. Lake Whatcom (intake site) and the Bellingham drinking water treatment plant 











Figure 2. Example showing log2 scale estimation for Cyanobacteria 
Aphanocapsa/Aphanothece colonies (Phase contrast photograph of preserved algae collected 
at the Lake Whatcom intake site, August 23, 2011, 400x). 
Estimated log2 cell range = 256–512 cells 









































Figure 3. Daily average UFRVs at the Bellingham drinking water treatment plant, January 1 


















Figure 4. Alum dose used in the coagulation/flocculation process and multimedia filter 
filtration rates (UFRVs) at the Bellingham drinking water treatment plant, June 15 to 
















































































Figure 5. Temporal pattern of water temperature, dissolved oxygen, conductivity and pH at 

















































































































Figure 6.  Temporal pattern of turbidity, alkalinity, chlorophyll and ammonium at the 













































































































































Figure 7. Temporal pattern of nitrate/nitrite, total nitrogen, soluble reactive phosphate and 
total phosphorus at the Bellingham drinking water treatment plant screen house, June 15 to 


































































































































































































Figure 8. The temporal pattern of total algal cell density at the Bellingham drinking water 



































































Figure 9. The temporal pattern of total algal biovolume at the Bellingham drinking water 




































































Figure 10. Relative cell density of the major phyla (except Cyanobacteria) detected in water samples collected at the Bellingham 
drinking water plant screen house, June 15 to November 30, 2011. “Other” includes Heterokontophyta (except diatoms), Dinophyta, 

















































Figure 11. Relative biovolume of the major phyla (except Bacilliariophyta) at the Bellingham drinking water treatment plant screen 







































Figure 12. Significant correlation between temperature and dissolved oxygen at the 
Bellingham drinking water treatment plant screen house, June 15 to November 30, 2011. 
































Figure 13. Significant correlation between nitrate/nitrite and total nitrogen at the Bellingham 



























































Figure 14. Correlation between filtration rates and nitrate/nitrite at the Bellingham drinking 
water treatment plant screen house, June 15 to November 30 2011. Shaded area illustrates a 









































































Figure 15. Misclassification rates in hierarchical clustering using 1-7 principal components. 
Misclassification rates were calculated by counting mismatches between hierarchical cluster 
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Figure 16. Hierarchical clustering results (squared Euclidean distance and Ward’s clustering methods) based on the first 4 principal 
































































































































































































































































































































































































Figure 17. Filtration rates (UFRVs) of three clusters partitioned by hierarchical analysis 
(Euclidean distance and Ward’s clustering methods) based on PCA scores of the first four 
principal components. Principal component analysis was based on water quality and 
phytoplankton data at the Bellingham drinking water treatment plant screen house, June 15 to 























































Figure 18. Hierarchical clustering results (squared Euclidean distance and Ward’s clustering methods) based on the first 4 principal 






























































































































































































































































































































































































Figure 19. Filtration rates (UFRVs) of two clusters partitioned by hierarchical analysis 
(Euclidean distance and Ward’s clustering methods) based on PCA scores of the first four 
principal components. Principal component analysis was based on water quality and 
























































Figure 20. Lake Whatcom intake vertical 1-m interval temperature profiles, July to 
November, 2011. 






































































































































































Figure 21. Lake Whatcom intake vertical 1-m interval dissolved oxygen profiles, July to 
November, 2011. 
 






































































































































































Figure 22. Boxplots of temperature, dissolved oxygen, conductivity and pH on individual sampling dates at Lake Whatcom intake site 
(0m to 10m depths at 1-m intervals), July to November, 2011.  
 





















































































Figure 23. Boxplots of turbidity, alkalinity, chlorophyll and ammonium concentrations on individual sampling dates at Lake Whatcom 
intake site (0 m to 10 m depths at 1-m intervals), July to November, 2011.  Dashed line indicates the method detection limit of 5.8 µg-
N/L for ammonium. 
 





















































































































Figure 24. Boxplots of nitrate/nitrite, total nitrogen, soluble reactive phosphate and total phosphorus concentrations on individual 
sampling dates at Lake Whatcom intake site (0 m to 10 m depths at 1-m intervals) from July to November, 2011. Dashed line indicates 
the method detection limit of 3.8 µg-P/L for total phosphorus. 






























































































































Figure 25. Cell density profile for Cyanobacteria and Bacilliariophyta at the intake site in 
Lake Whatcom, July to November, 2011. 
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Figure 26. Biovolume profile for Cyanobacteria and Bacilliariophyta at the intake site in 
Lake Whatcom, July to November, 2011.  
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Table 1. Lake Whatcom morphology at maximum regulated lake level (from Mitchell et al., 
2010; used with permission) 
 𝐴0 %𝐴0 𝑉 %𝑉 𝐴0: 𝑉 𝑉𝑑 𝑍𝑚 ?̅? 
Basin 1 2.01 10.0 20.32 2.1 0.10 0.99 30.64 10.10 
Basin 2 1.56 7.7 18.57 1.9 0.08 1.54 23.21 11.93 
Basin 3 16.63 82.2 929.18 95.6 0.02 1.64 101.94 55.87 
Lake 20.22 100.0 968.55 100.0 0.02 1.41 101.94 47.89 
 𝐿 𝐷𝐿 𝑙𝑓 𝑏 ?̅? 𝑙𝑐 𝑤 𝑇ℎ𝑎𝑙 
Basin 1 8210 1.63 2156 1294 933 2421 1554 2947 
Basin 2 6568 1.48 2414 965 645 1902 990 2376 
Basin 3 36814 2.55 9143 2350 1819 12960 2885 15281 
Lake 48585 3.05 10519 2580 1922 17284 2885 20604 
 
𝐴0 = surface area (𝑚
2 × 106); %𝐴0 = percent of lake surface area; 𝑉 = lake volume (𝑚
3 × 106); 
%𝑉 = percent of total lake volume; 𝐴0: 𝑉 = surface area to volume ratio (𝑚
−1);  
𝑉𝑑 = volume development index; 𝑍𝑚 = maximum depth (m); ?̅? = mean depth (m);  
L = Shoreline length (m); 𝐷𝐿 = shoreline development; 𝑙𝑓 = max. length of fetch (m);  
b = mean breadth (m); ?̅? = max. breadth at 90° to max. length (m); 
𝑙𝑐 = geometric centerline length (m); 𝑤 = max. width at 90° to centerline (m); 












Table 2. Summary of IWS analytical methods and parameter abbreviations (adapted from Matthews, et al., 2011; used with 
permission). 
Abbrev. Parameter Method 2010/2011 MDL 
Sensitivity or 
Confidence limit 
Hydrolab field meter: Hydrolab (1997)   
do Dissolved oxygen   ±0.1 mg/L 
temp Temperature   ±0.1 °C 
IWS laboratory analyses:    
alk Alkalinity APHA (2005) #2320; SOP-IWS-15  0.6 mg/L 
cond Conductivity APHA (2005) #2510; SOP-IWS-19  ± 1.7 μS/cm 
do Dissolved oxygen APHA (2005) #4500-O.C.; SOP-IWS-12 – ± 0.1 mg/L 
ph pH-lab APHA (2005) #4500-H+; SOP-IWS-8 – ± 0.02 pH unit 
turb Turbidity APHA (2005) #2130; SOP-IWS-11 – ± 0.2 NTU 
nh4 Ammonium APHA (2005) #4500-NH3 H; SOP-IWS-19  5.8 μg-N/L ± 7.1 μg-N/L 
no3 Nitrite/nitrate APHA (2005) #4500-NO3 I; SOP-IWS-19 2.9 μg-N/L ± 3.9 μg-N/L 
tn T. nitrogen APHA (2005) #4500-N C; SOP-IWS-19 14.4 μg-N/L ± 43.8 μg-N/L 
srp Sol. Phosphate APHA (2005) #4500-P G; SOP-IWS-19 0.7 μg-P/L ± 1.7 μg-P/L 
tp T. phosphorus APHA (2005) #4500-P H; SOP-IWS-19 3.3 μg-P/L ± 2.9 μg-P/L 
IWS plankton analyses:   
chl Chlorophyll APHA (2005) #10200 H; SOP-IWS-16 – ±0.1 μg/L 
– Algae cell density Hamilton, et al. (2001); SOP-IWS-20 – – 






Table 3. List of phytoplankton genera in water samples collected at the Bellingham 
drinking water treatment plant screen house and Lake Whatcom intake site, June 15 to 
November 30, 2011.Taxonomic nomenclature and authority were verified using 
AlgaeBase (Guiry and Guiry, 2013), searched on September 17, 2013.  
Genus Authority Taxa Authority 
1. Cyanobacteria (Blue-green algae) Fragilaria Lyngbye, H.C. (1819) 
Anabaena 
Bory de Saint-Vincent ex 
Bornet and Flahault (1886) 
Meridion Agardh, C.A. (1824) 
Aphanocapsa Nägeli, C. (1849) Synedra 
Ehrenberg, C.G. 
(1833) 
Aphanothece Nägeli, C. (1849) Tabellaria Kützing, F.T. (1844) 
Chroococcus Nägeli, C. (1849)   
Coelosphaerium Nägeli, C. (1849) 2e. Bacillariophyceae (Diatoms) 
Cyanodictyon  Pascher, A. (1914) Cocconeis 
Ehrenberg, C.G. 
(1837) 
Merismopedia Meyen, F.J.F. (1839) Didymosphenia Schmidt, M. (1899) 
Microcystis 
Kützing ex Lemmermann 
(1907) 
Diploneis 
Ehrenberg ex Cleve 
(1894) 
Pseudanabaena Lauterborn, R. (1915) Epithemia Kützing, F.T. (1844) 
Snowella Elenkin, A.A. (1938) Naviculoid group 
Bory de Saint-Vincent 
(1822) 
Woronichinia Elenkin, A.A. (1993) Neidium Pfitzer, E. (1871) 
2. Heterokontophyta Pinnularia 
Ehrenberg, C.G. 
(1843) 
2a. Chrysophyceae (Golden algae) Stauroneis 
Ehrenberg, C.G. 
(1843) 
Bitrichia Woloszynska (1914) Surirella Turpin, P.J.F. (1828) 
Dinobryon Ehrenberg, C.G. (1834) 2f. Xanthophyceae (Yellow-green algae) 
Epipyxis Ehrenberg, C.G. (1838) Gloeobotrys Pascher (1930) 
2b. Synurophyceae Goniochloris Geitler (1928) 
Mallomonas Perty, M. (1852) 3. Euglenophyta  
2c. Coscinodiscophyceae (Diatoms) Trachelomonas 
Ehrenberg, C.G. 
(1835) 
Aulacoseira Thwaites, G.H.K.(1848) 4. Cryptophyta  
Cyclotella 
Brébisson, [L.] A. de 
(1838) 
Chroomonas Hansgirg (1885) 
Stephanodiscus Ehrenberg, C.G. (1845) Cryptomonas 
Ehrenberg, C.G. 
(1831) 
Thalassiosira Cleve, P.T. (1873) Komma Hill, D.R.A. (1991) 
Urosolenia 
Round, F.E., Crawford, 
R.M. and Mann, D.G. 
(1990) 
5. Chlorophyta (Green algae) 
2d. Fragilariophyceae (Diatoms) Asterococcus Scherffel, A. (1908) 






Table 3. Continued. 
Genus Authority Taxa Authority 
Ankistrodesmus Corda, J.-A.-C. (1838) Scenedesmus Meyen, F.J.F. (1829) 
Botryococcus Kützing, F.T. (1849) Selenastrum Reinsch, P. [F.] (1867) 
Carteria Diesing, K.M. (1866) Sphaerocystis Chodat, R. (1897) 
Chlamydomonas Ehrenberg, C.G. (1833) Tetraedron Kützing, F.T. (1845) 
Coelastrum Nägeli, C. (1849) Tetraspora Link ex Desvaux (1818) 
Crucigenia Morren, C.F.-A. (1830) 6. Charophyta  
Dictyosphaerium Nägeli, C. (1849) 6a. Klebsormidiophyceae (Green algae) 
Eudorina Ehrenberg, C.G. (1832) Elakatothrix Wile, N. (1898) 
Geminella Turpin, P.J.F (1828) 6b. Desmidiales* (Desmids) 
Gloeocystis Nägeli, C. (1849) Closterium 
Nitzsch ex Ralfs 
(1848) 
Gloeotila Kützing, F.T. (1843) Cosmarium Corda ex Ralfs (1848) 
Oocystis 
Nägeli, C. ex Braun A. 
(1855) 
Spondylosium 
Brébisson ex Kützing 
(1849) 
Oonephris Fott, B. (1964) Staurodesmus Teiling, E. (1948) 
Pandorina 
Bory de Saint-Vincent 
(1824) 
Tetmemorus Ralfs ex Ralfs (1848) 
Pediastrum Meyen, F.J.F. (1829) 7. Dinophyta  
Planktosphaeria Smith, G.M. (1918) Peridinium Ehrenberg, C.G. (1830) 
Quadrigula Printz, H. (1916) Gymnodinium Stein, F.von. (1878) 

















Table 4. Log2 scale and the corresponding geometric mean used for colonial cell number 
estimation. 
Log2 range Geometric mean 
2-4 (na – cells counted directly) 
4-8 (na – cells counted directly) 










Table 5. List of geometric models used for phytoplankton genera identified in water 
samples from the Bellingham drinking water treatment plant screen house and the Lake 
Whatcom intake site (June 15 to November 30, 2011) compared to published geometric 
models. 
Genus Lake Whatcom 
Sun, et al. 
(2003) 





Anabaena prolate spheroid sphere sphere/cylinder sphere 
Aphanocapsa 
/Aphanothece 





Chroococcus hemisphere sphere sphere sphere 
Coelosphaerium prolate spheroid – sphere prolate spheroid 








Microcystis sphere sphere sphere sphere 
Pseudanabaena prolate spheroid – cylinder cylinder 




Woronichinia prolate spheroid – prolate spheroid – 
2. Heterokontophyta 
2a.Chrysophyceae 
Bitrichia prolate spheroid – – – 
Dinobryon prolate spheroid prolate spheroid ellipsoid prolate spheroid 
Epipyxis prolate spheroid – – ellipsoid 
2b. Synurophyceae 
Mallomonas prolate spheroid prolate spheroid 
ellipsoid/cone 
/cone + ½ sphere 
prolate spheroid 
2c. Coscinodiscophyceae 
Aulacoseira cylinder cylinder cylinder cylinder 
Cyclotella cylinder cylinder cylinder cylinder 
Stephanodiscus cylinder – cylinder cylinder 
Thalassiosira cylinder cylinder cylinder cylinder 
Urosolenia sphere – – cylinder 
2d. Fragilariophyceae 
Asterionella box box 
box 
/cone + ½ sphere 
box + 2 cylinder 
Fragilaria cylinder elliptic prism ½ box elliptic prism 
Meridion gomphonemoid – – gomphonemoid 
Synedra box box ½ box box 







Table 5. Continued. 
*Biovolume models in the published literatures for Naviculoid group were based on genus Navicula. 
 
 
Genus Lake Whatcom 
Sun, et al. 
(2003) 





Cocconeis elliptic prism elliptic prism oval cylinder elliptic prism 
Didymosphenia elliptic prism – – elliptic prism 
Diploneis oval cylinder elliptic prism oval cylinder elliptic prism 
Epithemia cymbelloid – – cymbelloid 
Naviculoid group 
* 
elliptic prism elliptic prism 
oval cylinder 
/ ½ box 
elliptic prism 
Neidium elliptic prism – – elliptic prism 
Pinnularia box – – box 
Stauroneis elliptic prism elliptic prism – elliptic prism 
Surirella elliptic prism elliptic prism oval cylinder elliptic prism 
2f. Xanthophyceae 
Gloeobotrys prolate spheroid – – – 
3. Euglenophyta 
Trachelomonas prolate spheroid – prolate spheroid ellipsoid 
4. Cryptophyta 
Cryptomonas prolate spheroid prolate spheroid 
ellipsoid 




cone + ½ sphere cone + ½ sphere 




Actinastrum prolate spheroid –  
cylinder +2 
cones 
Ankistrodesmus cylinder + 2 cone 
sickle-shaped 
cylinder 
2 cones cylinder + 2 cone 
Asterococcus sphere – – – 
Botryococcus prolate spheroid – – ellipsoid 
Carteria sphere sphere – sphere 




Coelastrum sphere – sphere sphere 
Crucigenia cube – sphere cube 




Eudorina sphere – sphere sphere 
Geminella prolate spheroid – – – 
Gloeocystis prolate spheroid – – – 
Gloeotila prolate spheroid – – – 




Table 5. Continued. 













Genus Lake Whatcom 
Sun, et al. 
(2003) 




Oonephris prolate spheroid –  – 
Pandorina sphere – sphere prolate spheroid 
Pediastrum elliptic prism elliptic prism cylinder elliptic prism 
Planktosphaeria sphere –  sphere 
Quadrigula cylinder + 2cones –  cylinder + cone 




Selenastrum 2 cones – 2 cones – 
Sphaerocystis sphere – sphere sphere 
Tetraedron box box parallelepiped box 
Tetraspora sphere – sphere – 
6. Charophyta     
6a. Klebsormidiophyceae   
Elakatothrix prolate spheroid – cone/2 cones – 
6b. Desmidiales*    
Cosmarium 2 prolate sphere – ellipsoid 2 ellipsoids 
Closterium 2 cones – 2 cones 2 cones 
Spondylosium 2 prolate sphere – – ellipsoid 
Staurodesmus 2 cones – – – 
7. Dinophyta     
Gymnodinium prolate spheroid ellipsoid ellipsoid ellipsoid 




Table 6. Summary of geometric models and biovolume results for phytoplankton genera 
identified from water samples collected at the Bellingham drinking water treatment plant 
screen house and the Lake Whatcom intake site (June 15 to November 30, 2010) 
compared to values estimated by Olennia, et al. (2006). 
Genus  
Geometric 
model used for 
Lake Whatcom 
Biovolume 




range (Olennia, et al., 
2006) 
 (um3) 
1. Cyanobacteria    
Anabaena  prolate spheroid1 134 314–6,332 
Aphanocapsa 
/Aphanothece 
prolate spheroid 10.3 
0.3–22 (Aphanocapsa) 
0.5–64 (Aphanothece) 
Chroococcus hemisphere1 410 0.3–8,177 
Coelosphaerium prolate spheroid 13.4 1.4–113 
Cyanodictyon prolate spheroid 1.4 0.3–6.3 
Merismopedia hemisphere1 24.2 0.1–2.8 
Pseudanabaena prolate spheroid1 1.8 20–314 
Snowella sphere 46.1 0.5–17 
Woronichinia prolate spheroid 66.5 4.7–24 
2. Heterokontophyta    
2a.Chrysophyceae    
Bitrichia prolate spheroid2 65.3 – 
Dinobryon prolate spheroid1 435 19–359 
Epipyxis prolate spheroid1 110 – 
2b. Synurophyceae    
Mallomonas prolate spheroid 1347 232–6712 
2c. Coscinodiscophyceae   
Aulacoseira cylinder 739 240–6,755 
Cyclotella cylinder 4331 25–14,130 
Stephanodiscus cylinder 35,122 59–36,517 
Thalassiosira cylinder 25.8 62–357,666 
Urosolenia sphere 22.1 – 
2d. Fragilariophyceae   
Asterionella box 415 613–1,103 
Fragilaria cylinder1 1780 69–1,313 
Meridion gomphonemoid 192 770–964 
Synedra box 223 143–6,075 
Tabellaria box 5624 1,493–24,192 
2e. Bacillariophyceae    
Cocconeis elliptic prism 5,155 2,693–9,199 
1: geometric model used in my thesis differs from the published model. 







Table 6. Continued.   
Genus 
Geometric model 
used in this study 
Biovolume 




range (Olennia, et al. 
2006) 
(µm3) 
Didymosphenia elliptic prism 90,672 – 
Epithemia cymbelloid 6,862 – 
Naviculoid group3 elliptic prism 2,339 360–32,292 
Neidium elliptic prism 67,245 – 
Pinnularia box 98,212 – 
Stauroneis elliptic prism 69,845 – 
Surirella elliptic prism 291,676 1,645–942,000 
2f. Xanthophyceae    
Gloeobotrys2 prolate spheroid 472 – 
3. Euglenophyta    
Trachelomonas prolate spheroid 4,014 462–3,781 
4. Cryptophyta    
Cryptomonas prolate spheroid 2,517 65–5,744 
Komma/Chroomonas cone + half sphere 88.6 54–246 
5. Chlorophyta    
Actinastrum prolate spheroid1 15.5 – 
Ankistrodesmus cylinder +2cones 103 20–136 
Asterococcus2 sphere 1375 – 
Botryococcus prolate spheroid 693.2 – 
Carteria sphere 321.4 – 
Chlamydomonas prolate spheroid 410.3 54–1,103 
Coelastrum sphere 582.0 65–904 
Crucigenia cube 1000 33–1,286 
Dictyosphaerium sphere 140 14–221 
Eudorina sphere 187 268–1,047 
Geminella prolate spheroid2 309 – 
Gloeocystis prolate spheroid2 1,245 – 
Gloeotila2 prolate spheroid 272 – 
Oocystis prolate spheroid 1,386 – 
Oonephris prolate spheroid2 1,057 45–7,286 
Pandorina sphere 195 268–1,436 
Pediastrum elliptic prism 1,608 1,814–138,160 
1: Geometric model used in my thesis differs from the published model. 
2: None of references have geometric models for this taxon. 








Table 6. Continued.   
Genus 
Geometric 
model used in 
this study 
Biovolume 




range (Olennia et al. 
2006) 
(µm3) 
Planktosphaeria sphere 738 – 
Quadrigula cylinder + 2cones 141 – 
Scenedesmus prolate spheroid 190 8–806 
Sphaerocystis sphere 490 87–449 
Tetraedron box 540 648–1,563 
Tetraspora sphere 458 321 
6. Charophyta    
6a. Klebsormidiophyceae   
Elakatothrix prolate spheroid1 227 58–1,675 
6b. Desmidiales   
Cosmarium 2 prolate sphere1 810 1,009–27,475 
Closterium 2 cones 674 377–152,012 
Spondylosium 2 prolate sphere1 279 – 
Straurodesmus2 2 cones 2044 – 
7. Dinophyta    
Gymnodinium prolate spheroid1 809 72–177,606 
Peridinium prolate spheroid1 1874 3,454–38,151 
1: geometric model used in my thesis differs from the published model. 





Table 7. Descriptive statistics for water quality variables and algal biomass samples from the Bellingham drinking water treatment 
plant screen house and the Lake Whatcom intake site, June 15 and November 30, 2011. 
Water quality parameters Units 
Screen  house 
(June 15 to November 30, 2011) 
Intake 
(July 14 to November 22, 2011) 
Min. Mean* Median Max. Min. Mean* Median Max. 
Temperature °C 8.8 15.0 15.4 19.2 9.5 16.0 17.6 20.7 
Dissolved oxygen mg/mL 7.8 9.2 9.1 11.6 8.7 9.8 10.0 10.7 
Conductivity µS/cm 58.1 59.3 59.3 60.5 57.7 58.9 58.9 59.7 
pH - 7.2 7.4 7.4 7.8 7.3 7.7 7.5 8.1 
Turbidity  NTU 0.4 0.7 0.6 1.8 0.5 0.7 0.6 2.7 
Alkalinity mg/L 17.5 19.3 19.3 20.4 18.9 19.6 19.5 20.6 
Ammonium µg-N/L <5.8 18.1 16.7 46.6 <5.8 <5.8 <5.8 22.6 
Nitrate/Nitrite µg-N/L 104.8 199.1 189.4 317.4 119.6 158.2 153.1 214.7 
Total nitrogen µg-N/L 99.2 355.4 349.2 533.2 269.7 322.7 315.8 480.5 
Soluble reactive phosphate µg-P/L 1.5 <3.3 3.1 7.6 1.5 4.0 3.1 25.2 
Total phosphorus µg-P/L < 3.3 7.2 8.4 22.4 < 3.3 9.0 9.2 20.4 
Chlorophyll µg/L 1.00 2.96 3.00 4.40 2.6 3.96 3.90 5.60 
Total algal cell density cells/mL 859 9785 9361 22614 4362 10691 10390 20183 
Total algae biovolume × 106µm3/mL 0.43 2.10 1.75 6.72 0.59 2.23 1.72 6.72 
Shannon’s 𝐻′ - 0.64 0.94 0.92 1.51 0.42 1.00 1.02 1.56 
Pielous’ J - 0.21 0.30 0.29 0.46 0.14 0.32 0.32 0.47 




Table 8. Summary of relative cell density and relative biovolume of common taxa collected 
at the Bellingham drinking water treatment plant screen house, June 15 to November 30, 
2011.Taxa were omitted from table if both median relative cell density and relative 
biovolume were less than 0.5%. 
 Relative cell density (%) Relative biovolume (%) 
 Min. Mean Median Max. Min. Mean Median Max. 
Cyanobacteria 22.8 83.3 87.1 95.5 0.2 4.9 4.5 17 
    Aphanocapsa/Aphanothece 20.9 77.1 81.4 94.2 0.2 3.8 3.7 9.10 
         
Bacilliariophyta 1.6 8.2 7.2 30.8 56.3 79.4 80.9 96.2 
    Aulacoseira 0 1.4 0.7 9.5 0.0 4.6 1.9 32 
    Cyclotella 0 2.6 1.8 18.5 8.8 36.7 34.2 80.4 
    Stephanodiscus 0 0.1 0.1 0.8 0 17.5 9.9 65.4 
    Fragilaria 0 0.6 0.2 4.5 0.0 4.9 1.2 26.9 
    Synedra 0 1.4 0.8 7.3 0 1.4 0.8 7.8 
    Naviculoid group 0 0.2 0.2 1.5 0 7.2 6.7 26.2 
         
Chlorophyta 0.7 3.8 2.5 49.1 0.4 4.4 3.7 24.7 
    Chlamydomonas 0.0 0.4 0.2 2.4 0.0 0.8 0.6 3.9 
    Crucigenia 0.0 0.6 0.3 10.9 0.0 0.7 0.4 10.9 
    Elakatothrix 0.0 0.3 0.2 2.1 0.0 0.3 0.2 1.3 
    Scenedesmus 0.0 1.5 1.2 7.3 0.0 1.1 0.9 3.9 
         
 Charophyta 0.0 0.5 0.3 2.7 0.0 1.7 0.7 19.6 
    Cosmarium 0.0 0.58 0.0 6.2 0.0 0.5 0.0 6.2 
         
Other1 0.1 4.3 2.7 24.4 1.9 9.9 9.0 26.0 
    Cryptomonas 0.0 0.6 0.5 3.2 0.0 6.0 5.3 19.0 
    Komma/Chroomonas 0.0 2.6 1.2 21.7 0.0 0.7 0.4 5.9 
    Dinobryon 0.0 0.5 0.2 2.9 0.0 0.7 0.5 4.0 
   Gymnodinium 0.0 0.2 0.2 1.0 0.0 0.7 0.6 2.4 
   Peridinium 0.0 0.2 0.1 1.4 0.0 1.3 0.8 7.0 





Table 9. Correlation coefficients (Kendall’s tau) expressing the correlation among physical, chemical and biological variables and 
water filtration rates at the Bellingham water treatment plant screen house, June 15 to November 30, 2011 (n=70). A conservative 
significance level was adopted as discussed in the text (min. p-value ≤ 0.01).  Abbreviations are defined in Table 2.  
 temp do cond ph turb alk chl nh4 no3 srp tp tn UFRVs 
do -0.61*** Inf – – – – – – – – – – – 
cond – – Inf – – – – – – – – – – 
ph – – – Inf – – – – – – – – – 
turb – – 0.24* – Inf – – – – – – – – 
alk 
– – 
0.46*** – -0.33*** Inf 
– – – – – – – 
chl – – -0.30** – 0.28** – Inf – – – – – – 
nh4 – – – – – – – Inf – – – – – 
no3 – – -0.51*** – 0.26** -0.51*** – – Inf – – – – 
srp – – – – – – – – - Inf – – – 
tp – – – – – – – – -0.24* – Inf – – 
tn – – -0.51*** – 0.33*** -0.49*** – 0.24* 0.78*** – – Inf – 
UFRVs – – – – – -0.40*** – – 0.41*** – – 0.33** Inf 
Total cell density 0.27* -0.33*** 0.37*** – – 0.31*** – – -0.47*** – 0.29*** -0.46*** – 
Total algal biovolume – – – – – – – -0.29** -0.26** – 0.25** -0.22* – 
* p-value ≤ 0.01  
** p-value ≤ 0.001  




Table 10. Correlation coefficients (Kendall’s tau)  expressing correlation between UFRVs 
and phytoplankton cell densities for 11 taxa  at the Bellingham drinking water plant screen 
house, June 15 to November 30, 2011 (n=70). A conservative significance level was adopted 
as discussed in the text (min. p-value ≤ 0.01).   












    * p-value ≤ 0.01 
** p-value ≤ 0.001  






















Table 11. Summary of filtration rates for samples partitioned into two or three unsupervised 
clusters using hierarchical clustering on the first four principal components scores derived 
from water quality variables and phytoplankton data. The UFRVs in groups with shaded 
rows were significantly different compared to the other group. 
Hierarchical cluster 
groups1 
Filtration rates (UFRVs) 
Min. Mean Median Max. 
1 2897 3280 3319 3609 
2 2332 3068 3045 3767 
3 3142 4222 4146 5503 
Hierarchical cluster 
groups2 
Filtration rates (UFRVs) 
Min. Mean Median Max. 
1 2332 3122 3136 3767 
2 3143 4222 4146 5503 
1 Wilcoxon rank sum tests indicated that group 3 was significantly different from groups 1 and 2, but groups 
1 and 2 were not different from each other (p-values ≤0.001).  





Table 12. Top ten positive and negative variable loading scores for the water quality and phytoplankton variables used in the first four 
principal components. 
PC1 PC2 PC3 PC4 
Aphanocapsa/Aphanothece 0.287 Fragilaria 0.323 Chlorophyll 0.321 Surirella 0.296 
Scenedesmus 0.264 Synedra 0.277 Dinobryon 0.307 Oonephris 0.293 
Peridinium 0.256 Temperature 0.277 Cyclotella 0.257 Diploneis 0.208 
Chlamydomonas 0.243 Thalassiosira 0.265 Urosolenia 0.255 Cocconeis 0.204 
Cyanodictyon 0.242 Dictyosphaerium 0.234 Mallomonas 0.242 Naviculoid group 0.177 
Stephanodiscus 0.214 Cosmarium 0.228 Bitrichia 0.233 Turbidity 0.175 
Alkalinity 0.211 Gloeobotrys 0.206 Turbidity  0.199 Sphaerocystis 0.154 
Gymnodinium 0.200 Tetraspora 0.204 Epithemia 0.192 Woronichinia 0.137 
Conductivity 0.199 Naviculoid group 0.203 Komma/Chroomonas 0.162 Elakatothrix 0.106 
Cryptomonas 0.192 Geminella -0.028 Surirella 0.156 Synedra 0.096 
        
Nitrate/Nitrite -0.308 Dissolved oxygen -0.298 Conductivity -0.229 Dictyosphaerium -0.263 
Ammonium -0.186 Scenedesmus -0.120 Alkalinity -0.166 Geminella -0.262 
Komma/Chroomonas -0.113 Chlorophyll -0.089 Chroococcus -0.142 Gloeobotrys -0.259 
Dissolved oxygen -0.112 Komma/Chroomonas -0.085 Gloeobotrys -0.126 Tetraspora -0.250 
Staurodesmus -0.110 Cyanodictyon -0.076 Geminella -0.120 Cryptomonas -0.188 
Stauroneis -0.092 Peridinium -0.075 Dictyosphaerium -0.116 Cosmarium -0.178 
Dinobryon -0.086 Gymnodinium -0.073 
Soluble reactive 
phosphate -0.096 Gymnodinium -0.156 
Pinnularia -0.083 Pseudanabaena -0.072 Elakatothrix -0.095 Thalassiosira -0.151 
Snowella -0.080 Coelastrum -0.071 Synedra -0.086 Peridinium -0.146 







Table 13. Median values for water quality and algal variables that contributed strongly to 
PC1 and PC2-4 separated by filtration group. Algae with cell densities ≤ 1 cell/mL for both 
groups were omitted. Cluster #1 and Cluster #2 were, respectively, low and high filtration 


























Alkalinity (mg/L) 19.5 18.8 Temperature (°C) 16.1 13.8 
Ammonium (µg-N/L) 15.6 20.8 Chlorophyll (µg/L) 3 3.3 
Conductivity (µS/cm) 59.4 58.8 Turbidity (NTU) 0.63 0.78 




Nitrate/Nitrite (µg-N/L) 164.2 291.4    
      
Aphanocapsa/Aphanothece 7208 3202 Fragilaria 44 ≤1 
Stephanodiscus 13 ≤1 Cyclotella 32 91 
Dinobryon 18 35 Naviculoid group 18 9 
Scenedesmus 115 75 Synedra 66 31 
Chlamydomonas 27 9 Thalassiosira 58 22 
Cryptomonas 40 22 Urosolenia 4 9 
Komma/Chroomonas 89 212 Mallomonas 4 6 
Gymnodinium 13 9 Elakatothrix 18 4 




Table 14. Summary of relative cell density and biovolume of phytoplankton taxon data in 
water samples collected biweekly at 1 m intervals at the intake site in Lake Whatcom, July 
and November, 2011. Taxa were omitted from the table if both median relative cell density 
and median relative biovolume were less than 0.5%.  
 Relative cell density (%) Relative biovolume (%) 
 Min. Mean Median Max. Min. Mean Median Max. 
Cyanobacteria 73.4 86.5 87 95.2 1.1 5.6 5 16.2 
    Aphanocapsa 
    /Aphanothece 52.4 75.3 76.1 93.2 0.9 4.6 4.3 14.5 
     Cyanodictyon 0 10.0 8.4 29.6 0 0.1 0.1 0.4 
         
Bacilliariophyta 1.1 7.5 6.6 20.3 40.5 72.1 73.3 95.7 
    Cyclotella 0.4 1.7 1.4 7.1 9.3 35.5 33.2 68.2 
    Fragilaria 0 0.5 0.3 2.2 0 4.6 3.3 19.2 
    Naviculoid group 0 0.1 0.1 1.1 0 6.2 3.9 24 
    Stephanodiscus 0 0.1 0.1 1.9 0 16.0 12.4 75.3 
    Synedra 0 0.7 0.7 2 0 1.0 1 3.8 
    Thalassiosira 0 2.1 0.8 12.6 0 0.3 0.1 3 
    Urosolenia 0 0.6 0.1 9.2 0 0.1 0 1.3 
         
Chlorophyta 0.8 2.7 2.4 12.6 0.9 5.0 4.6 36.2 
    Botryococcus 0 0.1 0 8.6 0 0.4 0 30 
   Chlamydomonas 0 0.2 0.1 1.3 0 0.7 0.5 4.1 
   Oocystis 0 0.1 0 0.8 0 0.6 0.4 5.9 
   Scenedesmus 0 1.2 1 0.8 0 1.4 1.1 5.3 
         
Desmidiales 0 0.2 0.1 1.4 0 1.3 0.5 5.6 
    Cosmarium 0 0.2 0 1.1 0 1.0 0 5.4 
         
Other1 1 3.1 2.8 7 1.7 16.0 15.9 38.2 
    Cryptomonas 0 0.6 0.6 1.9 0 9.7 9 30 
    Komma 
    /Chroomonas 0 1.0 0.9 2.6 0 0.5 0.5 1.9 
    Dinobryon 0 0.7 0.3 4 0 1.3 0.7 11.3 
    Gymnodinium 0 0.4 0.3 1.5 0 2.1 1.9 8.5 
    Peridinium 0 0.1 0.1 0.7 0 1.4 0.8 9.4 
    Mallomonas 0 0.1 0.1 0.9 0 0.9 0.6 5.1 







Table 15.  Phytoplankton taxa observed uniquely at either the screen house or the Lake 
Whatcom intake site. 
Taxon Screen House Lake Intake 
Cyanobacteria   
     Microcystis  X 
    Coelosphaerium X  
    Merismopedia X  
Bacilliariophyta   
    Didymosphenia X  
    Meridion  X 
Chlorophyta   
    Asterococcus X  
    Ankistrodesmus  X 
    Pandorina X  
    Selenastrum  X 
Charophyta   




















Appendix A. Quality Control 
A.1 Field duplicate and lab duplicate Results 
Duplicate samples were compared to determine the absolute difference between the field 
duplicates and samples collected at the same depth or lab duplicates split from the same 
sample. 
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = |𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐷𝑢𝑝𝑙𝑖𝑐𝑎𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒| 
 




 n Min. Med. Mean Max
. 




- - - - - 59 0.06 0.03 0.07 0.23 
Conductivity 8 0.0 0.18 0.15 0.60 59 0.0 0.2 0.22 1.9 
pH 8 0.00 0.1 0.06 0.1 63 0.0 0.03 0.05 0.63 
Turbidity 8 0.43 0.64 0.69 2.7 82 0.0 0.03 0.06 1.20 
Alkalinity 8 0.0 0.5 0.5 1.0 15 0.0 0.03 0.45 0.63 
Ammonium 9 0.0 1.7 2.4 7.6 17 0.0 2.1 3.2 9 
Nitrate/nitrite 8 0.2 2.8 3.6 9.9 17 0.2 1.1 1.9 7.6 




8 0.2 2.8 3.6  17 0.0 0.2 0.5 1.3 
Total 
phosphorus 
8 0.6 2.7 3.2 8.9 13 0.0 1.4 2.5 8.2 
Chlorophyll 9 0.0 0.0 0.1 0.4 71 0.1 0.09 0.14 0.89 
Total density 
(cells/mL) 
9 116 2928 2848 4867 23 123 3812 3651 9417 
 
Winkler DO and YSI 
(Absolute difference) 











A.2 Detection of outliers  
Nine soluble reactive phosphate outliers were excluded from the data set. These samples 
contained substantially higher soluble phosphate concentrations than total phosphorus 
concentrations, which indicated sample contamination. SRP were omitted if: 
𝑆𝑅𝑃 − 2 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 > 𝑇𝑃 + 2 𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 
Sensitivity for SRP and TP is 1.7 µg-P/L and 2.9 µg-P/L, respectively.  
       
date site Depth Deleted SRP TP 
10/28/2011 WTP - 177.2 12.9 
10/21/2011 WTP - 895.1 10.4 
11/02/2011 WTP - 83.4 12.2 
11/07/2011 WTP - 38.1 11.3 
11/08/2011 Intake 1 m 26.2 8.2 
11/08/2011 Intake 2 m 10.5 20.1 
11/08/2011 Intake 5 m 30.9 10.2 
11/08/2011 Intake 8 m 53.4 10.3 













Appendix B. Phytoplankton Cell Density and Biovolume at the Bellingham Drinking Water 
Treatment Plant Screen House and Lake Whatcom Intake. 
B.1. Summary of cell density and biovolume of phytoplankton taxon at the Bellingham 
drinking water treatment plant screen house, June 15 and November 30, 2011. 
 Cell density (cells/mL) Biovolume (µm3/mL) 
 Min. Median Mean Max Min.    Median  Mean    Max.    
1. Cyanobacteria  
Anabaena 0 0 23.4 221 0 0 3135 29775 
Aphanocapsa 
/Aphanothece 
200 6407 6651 18514 2057 65896 68405 190408 
Chroococcus 0 0 6.2 71 0 0 5071 58074 
Cyanodictyon 0 0 410 3827 0 0 572 5332 
Microcystis 0 0 22.3 1513 0 0 6903 469414 
Pseudanabaena 0 0 2.5 89 0 0 4.541 163 
Snowella 0 0 7.4 221 0 0 342 10207 
Woronichinia  0 0 116 3398 0 0 7729 225883 
2. Heterokontophyta  
2a.Chrysophyceae  
Bitrichia 0 0 2.6 18 0 0 174.3 1156 
Dinobryon 0 18 31.3 173 0 7707 13629 75141 
Epipyxis 0 0 3.3 27 0 0 375 2939 
2b. Synurophyceae  
Mallomonas 0 4 4.8 22 0 5961 6575 29805 
2c. Coscinodiscophyceae       
Aulacoseira 0 51 93.8 593 0 37608 69302 438220 
Cyclotella 27 148 158 345 114988 642019 685985 1494850 
Stephanodiscus 0 4 12.8 66 0 155413 450242 2331202 
Thalassiosira 0 35 80.3 726 0 913.1 2070 18718 
Urosolenia 0 4 24.4 478 0 280.3 1550 30270 
2d. Fragilariophyceae       
Asterionella 0 4 13.5 102 0 1835 5640 42208 
Fragilaria 0 13 51.9 305 0 23624 92296 543353 
Meridion 0 0 0.5 35 0 0 99.8 6789 
Synedra 0 64 108 664 0 14290 23957 147830 
Tabellaria 0 0 2.2 49 0 0 12810 273764 
2e. Bacillariophyceae  
Cocconeis 0 0 0.2 4 0 0 297 5055 
Diploneis 0 0 2.1 13 0 0 2527 15164 
Epithemia 0 0 0.3 4 0 0 2.419 32.9 
Naviculoid group 0 13 14.5 49 0 116500 127350 427166 





 Cell density (cells/mL) Biovolume (µm3/mL) 
 Min. Median Mean Max Min.    Median  Mean    Max.    
Pinnularia 0 0 0.3 9 0 0 31955 869180 
Stauroneis 0 0 0.7 18 0 0 49995 1236247 
Surirella 0 0 0.1 4 0 0 37961 1290665 
2f. Xanthophyceae       
Gloeobotrys 0 0 1.8 106 0 0 830 50149 
Goniochloris 0 0 0.1 4 0 0 52 3533 
3. Cryptophyta       
Cryptomonas 0 35 41.1 133 0 89091 103339 334091 
Komma/ Chroomonas 0 95 116 451 0 8430 10298 39994 
4. Chlorophyta        
Actinastrum 0 0 0.1 9 0 0 2 137 
Ankistrodesmus 0 0 0.4 27 0 0 40.1 2727 
Botryococcus 0 0 7.7 443 0 0 5323 306739 
Carteria 0 0 0.1 4 0 0 41.8 1422 
Chlamydomonas 0 18 26.7 124 0 9493 14344 66449 
Coelastrum 0 0 0.2 9 0 0 114 5151 
Crucigenia 0 33 51.2 1004 0 8297 12771 251119 
Dictyosphaerium 0 0 1.6 66 0 0 219 9323 
Eudorina 0 0 0.8 35 0 0 159 6631 
Geminella 0 0 0.1 9 0 0 40.3 2737 
Gloeotila 0 0 0.1 4 0 0 17.7 1205 
Oocystis 0 0 4.3 27 0 0 5952 36794 
Oonephris 0 0 2.6 35 0 0 2751 37418 
Pediastrum 0 0 0.4 4 0 0 732 7114 
Planktosphaeria 0 0 1.8 44 0 0 1345 32656 
Quadrigula 0 0 0.7 27 0 0 91.8 3745 
Scenedesmus 0 91 107 310 0 17220 20333 58800 
Selenastrum 0 0 0.1 4 0 0 9.9 670 
Sphaerocystis 0 0 13.1 195 0 0 6402 95299 
Tetraedron 0 0 1.0 35 0 0 562 19113 
Tetraspora 0 0 6.3 111 0 0 2891 50667 
5. Charophyta         
5a. Klebsormidiophyceae       
Elakatothrix 0 13 18.9 62 0 3019 4321 14087 
6b. Desmidiales       
Closterium 0 0 0.2 4 0 0 131.7 2984 
Cosmarium 0 0 6.8 62 0 0 11075 100412 
Spondylosium 0 0 2.2 31 0 0 617 8644 
Staurodesmus 0 0 3.0 49 0 0 12502 198973 
6. Dinophyta        
Gymnodinium 0 13 14.7 58 0 10738 11948 46530 




B.2. Summary of cell density and biovolume of phytoplankton taxon at intake site in Lake 
Whatcom, July to November, 2011. 
  Cell density (cells/mL) Biovolume (µm3/mL) 
 Min. Median Mean Max. Min. Median Mean Max. 
1. Cyanobacteria        
Anabaena 0 0 30.6 418 0 0 4109 56275 
Aphanocapsa 
/Aphanothece 
3203 8018 7967 16111 32939 82462 81936 165697 
Chroococcus 0 0 12.7 97 0 0 10449 79851 
Coelosphaerium 0 0 0.7 40 0 0 9 535 
Cyanodictyon 0 900 1265 4418 0 1254 1762 6155 
Merismopedia 0 0 0.2 18 0 0 4.3 428.4 
Pseudanabaena 0 0 7.7 100 0 0 14.1 183.6 
Snowella 0 0 23.0 443 0 0 1061 20414 
Woronichinia 0 0 31.4 1332 0 0 2087 88530 
2. Heterokontophyta       
2a.Chrysophyceae        
Bitrichia 0 4 7.6 44 0 289 499 2891 
Dinobryon 0 31 65.4 345 0 13487 28448 150282 
Epipyxis 0 0 1.9 22 0 0 212 2449 
2b. Synurophyceae        
Mallomonas 0 9 14.8 66 0 11922 20010 89414 
2c. Coscinodiscophyceae       
Aulacoseira 0 35 89.0 646 0 26162 65733 477464 
Cyclotella 35 159 176 473 153318 689931 760611 2050627 
Stephanodiscus 0 4 14.4 119 0 155413 506882 4196163 
Thalassiosira 0 97 232 1792 0 2511 5996 46225 
Urosolenia 0 4 68.4 960 0 280 4336 60820 
2d. Fragilariophyceae       
Asterionella 0 4 19.9 164 0 1835 8290 67900 
Fragilaria 0 35 54.9 310 0 62997 97563 551228 
Synedra 0 71 74.2 292 0 15769 16533 65045 
Tabellaria 0 0 1.5 49 0 0 8547 273764 
2e. Bacillariophyceae       
Cocconeis 0 0 1.0 27 0 0 1174 30328 
Didymosphenia 0 0 0.1 4 0 0 8106 401225 
Diploneis 0  0.5 9 0 0 561 10109.4 
Epithemia 0 0 0.5 35 0 0 4 262 
Naviculoid group 0 9 14.7 115 0 77667 130360 1009666 
Neidium 0 0 0.6 44 0 0 42079 2975587 
Pinnularia 0 0 0.3 13 0 0 30729 1303770 






 Cell density (cells/mL) Biovolume (µm3/mL) 
 Min. Median Mean Max. Min. Median Mean Max. 
Surirella 0 0 0.1 4 0 0 26074 1290665 
2f. Xanthophyceae        
Gloeobotrys 0 0 1.1 44 0 0 527 20895 
3. Euglenophyta        
Trachelomonas 0 0 0.04 4 0 0 179 17761 
4.. Cryptophyta        
Cryptomonas 0 53 61.7 199 0 133636 155059 501136 
Komma 
/Chroomonas 
0 102 96.7 204 0 9018 8565 18036 
5. Chlorophyta        
Actinastrum 0 0 0.8 18 0 0 13.1 274 
Asterococcus 0 0 1. 6 0 0 0 2152 146063 
Botryococcus 0 0 9.9 801 0 0 6816 555197 
Carteria 0 0 0.1 4 0 0 43.1 1422 
Chlamydomonas 0 13 21.7 177 0 7120 11650 94927 
Coelastrum 0 0 1.2 89 0 0 702 51508 
Crucigenia 0 35 40.3 155 0 8850 10087 38719 
Dictyosphaerium 0 0 4.8 133 0 0 672 18645 
Eudorina 0 0 0.5 27 0 0 101 4973 
Geminella 0 0 0.1 9 0 0 27.7 2737 
Gloeotila 0 0 0.3 13 0 0 73.0 3615 
Goniochloris 0 0 0.2 18 0 0 143 14133 
Oocystis 0 4 9.5 66 0 6132 13222 91986 
Oonephris 0 0 2.8 49 0 0 2976 51450 
Pandorina 0 0 0.7 35 0 0 16.8 783 
Pediastrum 0 0 0.4 9 0 0 719 14227 
Planktosphaeria 0 0 3.9 66 0 0 2936 48984 
Quadrigula 0 0 2.5 35 0 0 359 4993.3 
Scenedesmus 0 97 122 327 0 18480 23212 62160 
Sphaerocystis 0 0 14.2 288 0 0 6945 140782 
Tetraedron 0 0 1.2 27 0 0 651 14335 
Tetraspora 0 0 7.6 252 0 0 3476 115520 
6. Charophyta        
Elakatothrix 0 18 23.8 124 0 0 3527 98478 
Closterium 0 0 5.2 146 0 0 26081 186480 
Cosmarium 0 0 16.0 115 0 4025 5419 28174 
Spondylosium 0 0 5.0 93 0 0 2800 51863 
Staurodesmus 0 0 0.59 18 0 0 2375 72354 
7.Dinophyta        
Gymnodinium 0 35 41.9 173 0 28634 33876 139591 





Appendix C. Lake Water Quality and Phytoplankton Profile from July to November, 2011. 
Abbreviations are defined in Table 2.   
Date Depth temp do cond ph turb alk chl nh4 no3 tn srp tp 
7/14/2011 0 18 9.3 58.6 7.8 0.55 19.4 3.4 <5.8 214 354.3 2.8 <3.3 
7/14/2011 1 18.1 9.3 58.5 7.8 0.53 19.2 3.6 9.4 212.6 383.3 2.3 5 
7/14/2011 2 18.1 9.2 58.5 7.8 0.57 19.2 3.6 <5.8 213 382.2 1.6 <3.3 
7/14/2011 3 18.1 9.3 58.6 7.8 0.56 19 3.4 <5.8 213.7 348.4 1.9 <3.3 
7/14/2011 4 18 9.2 58.8 7.8 0.57 19.2 3.3 <5.8 213.2 369.3 1.8 6.9 
7/14/2011 5 18.1 9.4 58.7 7.9 0.55 19 3.4 <5.8 208 394.9 1.9 9.1 
7/14/2011 6 18.1 9.4 58.6 7.9 0.56 19.3 3.5 <5.8 208.1 367.8 3.1 6.4 
7/14/2011 7 18 9.3 58.9 7.8 0.58 19.1 3.3 <5.8 214.1 371.8 2.5 <3.3 
7/14/2011 8 18.1 8.7 58.8 7.9 0.58 19.6 3.2 5.9 214.7 365.2 2.8 <3.3 
7/14/2011 9 18 9.5 58.8 7.8 0.59 19.2 3.1 <5.8 214.6 366.4 2.8 7.2 
7/14/2011 10 17.7 9.1 58.7 7.7 0.65 19.5 3.2 8 210.4 420 3.1 9.7 
7/26/2011 0 17.7 9.6 58 7.8 0.68 19.4 4.1 <5.8 202.1 363.1 4.1 20.4 
7/26/2011 1 17.7 9.7 58.1 8 0.98 19.1 4.2 <5.8 203.6 366 4.3 14.2 
7/26/2011 2 17.7 9.8 57.7 8 0.63 18.9 4.5 <5.8 202 383.3 4 14.5 
7/26/2011 3 17.7 9.7 58 8 0.68 18.9 4.4 <5.8 203.1 366.2 4.8 8.4 
7/26/2011 4 17.7 9.5 58.2 7.9 0.76 19.6 4.3 <5.8 200.8 411.5 3.5 10.2 
7/26/2011 5 17.7 9.5 58 7.9 0.68 19.1 4.4 <5.8 203.3 354.8 3.5 7.1 
7/26/2011 6 17.7 9.4 57.7 8 0.7 19.1 4.2 <5.8 200.8 377.8 3.8 12.6 
7/26/2011 7 17.7 9.3 58.3 8 0.7 19.3 4.3 6.1 198.9 371.1 3.4 9.1 
7/26/2011 8 17.7 9.3 58.6 7.9 0.73 19.1 4 <5.8 201.6 366.1 3.5 7.1 
7/26/2011 9 17.7 9.2 58.9 7.9 0.71 19 4.2 <5.8 196.9 348.1 3.7 3.5 
7/26/2011 10 17.6 9.2 58.8 7.9 0.84 19.1 3.9 10.9 189.6 346.8 2.9 10.2 
8/8/2011 0 20.7 9.8 59.2 7.9 0.63 19.1 3.3 <5.8 154.7 334.2 3.5 8.1 
8/8/2011 1 20.6 9.9 59.1 8 0.64 19.2 3.3 <5.8 152.1 320.8 3.1 9.7 
8/8/2011 2 20.4 9.9 58.9 8 0.66 19.5 3.2 <5.8 152.9 303.6 3.7 10.1 
8/8/2011 3 20.2 9.8 58.9 8 0.6 19.6 3.5 <5.8 161 309.1 3.1 8.6 
8/8/2011 4 19.9 9.9 58.8 7.9 0.71 19.6 4 <5.8 152.2 322.4 2.6 12.2 
8/8/2011 5 19.8 9.9 58.6 8.1 0.68 19.7 4 <5.8 157.8 330.6 3.2 15.2 
8/8/2011 6 19.6 9.9 58.6 7.9 0.81 19.5 4 <5.8 160.5 333.9 3.5 14.1 
8/8/2011 7 19.4 10.1 58.4 7.9 0.63 19.1 4.8 <5.8 181.1 350.1 3 8.5 
8/8/2011 8 19 10 58.3 8.1 0.64 19.2 4.8 <5.8 181.4 347.4 2.6 4.4 
8/8/2011 9 18.9 10 58.5 8 0.7 20 4.7 <5.8 184.2 352 2.3 11.1 
8/8/2011 10 18.1 9.7 58.4 7.7 0.63 19.3 4.7 <5.8 194.4 380.5 5 15.3 
8/23/2011 0 20.2 10.1 58.7 7.7 0.45 19.6 2.6 <5.8 144.9 282.5 3.5 6.1 
8/23/2011 1 19.8 10.1 58.6 7.9 0.59 19.4 3.7 <5.8 144.1 302.1 3 4.6 
8/23/2011 2 19.8 10.1 58.8 7.9 0.53 19.6 4.3 <5.8 143.9 307.3 3.4 <3.3 
8/23/2011 3 19.7 10.1 58.9 7.9 0.54 19.6 4.2 <5.8 143.6 292.2 3.6 <3.3 
8/23/2011 4 19.7 10.1 59.1 7.8 0.55 19.4 4.2 <5.8 143.2 329.9 3.2 5.5 
8/23/2011 5 19.7 10.1 59.1 7.8 0.56 20.6 4.3 <5.8 143.8 304.9 4.3 6.1 
8/23/2011 6 19.7 10 58.9 8 0.56 19.6 4.2 <5.8 138.1 295.6 3.7 <3.3 
8/23/2011 7 19.6 10 58.9 7.8 0.56 19.6 4.2 <5.8 141.7 293.3 3.7 3.5 
8/23/2011 8 19.6 10 59 7.9 0.59 19.5 4.1 <5.8 141.5 295 3.2 <3.3 
8/23/2011 9 19.6 10 58.9 7.9 0.58 19.6 4.1 <5.8 140.1 293.5 3.5 <3.3 
8/23/2011 10 19.5 9.9 58.8 7.9 0.57 20.6 3.9 <5.8 134.9 284.5 2.8 <3.3 
9/27/2011 0 17.8 9.2 59.5 7.5 0.65 20.1 3.5 16.3 124.4 269.7 2.6 9.3 
9/27/2011 1 17.8 9.2 59.3 7.6 0.6 20 3.7 12 123.8 285.9 2.5 12.8 
9/27/2011 2 17.7 9.2 58.6 7.5 0.72 19.9 3.7 12.7 122.5 273.7 3.2 10.1 





 Depth temp do cond ph turb alk chl nh4 no3 tn srp tp 
9/27/2011 4 17.7 9.1 59.1 7.6 0.76 20.3 3.9 <5.8 120.4 279.6 2.8 11.6 
9/27/2011 5 17.6 9.1 58.9 7.6 0.8 20.1 3.7 <5.8 121.1 298.5 2.7 15.7 
9/27/2011 6 17.6 9.1 58.8 7.6 0.97 20.1 3.7 12 123.8 296.4 2 9.9 
9/27/2011 7 17.6 9.1 59.1 7.6 0.81 20.2 3.8 <5.8 122.4 280.9 2.4 7.7 
9/27/2011 8 17.6 9.1 59.2 7.6 0.79 20.1 3.5 <5.8 123.1 273.5 1.8 7.1 
9/27/2011 9 17.6 9.1 59.1 7.6 0.7 20.2 3.4 <5.8 122.3 277.7 2.7 13.1 
9/27/2011 10 17.6 9.1 59.1 7.6 2.73 20.2 3.3 <5.8 123.7 372.1 2.6 15.8 
10/11/2011 0 15.6 9.7 58.7 7.5 0.68 19.4 5 <5.8 137.1 283.2 3 15 
10/11/2011 1 15.6 9.7 58.9 7.5 0.67 19.6 5.1 <5.8 134.8 287.3 2.1 9.7 
10/11/2011 2 15.6 9.7 59.1 7.5 0.69 20.1 5.1 <5.8 136.7 321 1.5 15.9 
10/11/2011 3 15.6 9.7 58.9 7.5 0.73 20.1 5.2 <5.8 135.6 287.7 2.4 10.6 
10/11/2011 4 15.6 9.7 58.8 7.5 0.69 20.1 5 <5.8 135.1 315.8 4.1 13.2 
10/11/2011 5 15.6 9.6 58.9 7.5 0.69 19.1 4.9 <5.8 135.4 288.9 3.3 10.9 
10/11/2011 6 15.6 9.6 59.1 7.5 0.65 19.5 5.2 <5.8 134.1 279.3 3.2 8.7 
10/11/2011 7 15.6 9.6 58.7 7.5 0.67 20 5 6.1 135.3 287.8 3.2 11.5 
10/11/2011 8 15.6 9.6 58.6 7.5 0.73 20.2 5 8.1 135 296.2 3.2 12.1 
10/11/2011 9 15.6 9.6 58.8 7.5 0.73 19.6 4.7 <5.8 134.2 284.5 2.9 7.1 
10/11/2011 10 15.6 9.6 58.9 7.5 0.68 20.1 4.6 <5.8 134.8 278 2.5 13.3 
10/25/2011 0 14.3 10.1 59.1 7.4 0.62 20.2 5.1 <5.8 124.6 275.7 2.4 7.8 
10/25/2011 1 14.2 10.1 59.2 7.5 0.57 20.2 4.7 <5.8 125.8 286.6 3.2 9.4 
10/25/2011 2 14.2 10.1 59.1 7.5 0.58 20.3 5.6 <5.8 124.1 285 2.4 9.1 
10/25/2011 3 14.2 10 59.1 7.5 0.6 20.2 5.1 13.9 123.2 278.7 2.8 6.6 
10/25/2011 4 14.2 10 59.1 7.5 0.7 20.4 5.2 7.3 124.5 287.9 3.2 10.9 
10/25/2011 5 14.2 10 59.1 7.5 0.6 20.3 5.2 <5.8 123.7 286.4 3 9.6 
10/25/2011 6 14.2 10 59 7.5 0.61 20.2 5.3 <5.8 124.7 280.9 3 8.1 
10/25/2011 7 14.2 10 59.2 7.5 0.61 20.2 5.5 <5.8 121.7 286.5 2.7 9.9 
10/25/2011 8 14.1 10 59.2 7.6 0.66 20.3 5.5 8.5 120.9 276.4 2.8 7.2 
10/25/2011 9 14.1 10 59.2 7.6 0.62 20.1 5.2 <5.8 119.6 280.2 3.1 9.2 
10/25/2011 10 14.1 10 59 7.6 0.61 20.4 5.3 <5.8 119.6 281.6 3.2 9.7 
11/8/2011 0 11.8 10.2 59.6 7.3 0.54 19.4 3.1 15.1 154.3 302.2 25.2 13.8 
11/8/2011 1 11.8 10.2 59.5 7.4 0.54 19.5 3.1 10.2 152.5 307.1 NA 8.2 
11/8/2011 2 11.8 10.2 59.4 7.4 0.55 19.4 3.1 7.1 152.5 342.2 10.5 20.1 
11/8/2011 3 11.8 10.2 59.4 7.3 0.57 19.2 3.2 9.8 153.1 302.4 14 10.7 
11/8/2011 4 11.8 10.2 59.3 7.3 0.57 20 3.3 19.1 154.2 331.7 16.4 9.6 
11/8/2011 5 11.8 10.1 59.6 7.3 0.56 19.8 3.2 22.3 155.6 315.4 NA 10.2 
11/8/2011 6 11.8 10.1 59.2 7.4 0.58 20 3 15.2 153.8 333.4 15.2 17.7 
11/8/2011 7 11.8 10.1 59.4 7.4 0.51 19.5 3.3 22.6 153.8 312.6 5.7 7.7 
11/8/2011 8 11.7 10.1 59.4 7.4 0.57 19.6 3.2 15.4 155.7 325.1 NA 10.3 
11/8/2011 9 11.7 10.1 59.7 7.4 0.52 19.3 3.1 7.2 154.2 303.4 16.7 8.4 
11/8/2011 10 11.7 10.1 59.4 7.4 0.57 20 2.7 6.7 154.7 346.5 NA 6.7 
11/22/2011 0 9.6 10.7 59.1 7.3 0.63 19 3 <5.8 171.8 320.6 2.8 11.9 
11/22/2011 1 9.5 10.7 58.8 7.3 0.65 19 3.1 <5.8 168.9 326.4 3.1 4.1 
11/22/2011 2 9.5 10.6 58.6 7.4 0.66 19.4 3 <5.8 171.6 349.9 2.8 9.6 
11/22/2011 3 9.5 10.6 59 7.3 0.72 19.4 3.3 <5.8 171.1 318.5 2.7 5.5 
11/22/2011 4 9.5 10.6 58.8 7.3 0.74 19.4 3.2 <5.8 167.9 331.7 2.8 4.3 
11/22/2011 5 9.5 10.6 58.8 7.4 0.7 19.4 2.9 10.6 166.2 331.1 2.8 11.4 
11/22/2011 6 9.5 10.5 58.6 7.3 0.68 19.5 3 7.1 168.5 330.1 4.5 <3.3 
11/22/2011 7 9.5 10.5 59.1 7.4 0.78 19.2 3 14.8 162.3 315.8 10.1 5.8 
11/22/2011 8 9.5 10.5 58.9 7.4 0.72 19.4 3 9 166.6 324.6 3.7 10.3 
11/22/2011 9 9.5 10.5 58.7 7.3 0.77 19.5 3.2 <5.8 166.3 480.5 3.4 19.5 




Appendix D. Algal Relative Cell Density (%) in Lake Whatcom at Intake Site and at the 
Bellingham Drinking Water Treatment Plant Screen House.  
D.1 Relative cell density of major phylum at the Bellingham drinking water treatment 
plant screen house, June 15 to November 30, 2011.  
Date Time Bacilliariophyta Cyanobacteria Chlorophyta Charophyta Other 
6/15/2011 15:30 16.2 76.4 2 0 5 
6/17/2011 12:30 19.6 22.8 49.1 2.4 6.6 
6/20/2011 8:30 30.8 23.3 26.3 0 19.6 
6/22/2011 14:30 7.8 58.1 9.2 0.7 24.4 
6/24/2011 12:20 12.8 59.7 8.1 0 19.6 
6/27/2011 9:08 9.8 64.6 2.9 0 22.8 
6/29/2011 15:00 10.6 73.6 2.2 0.6 13 
7/1/2011 12:30 5.4 84.9 3.1 0.1 6.1 
7/4/2011 9:30 8.8 79.6 0.8 0 10.8 
7/6/2011 15:30 3 88.6 1.1 0 7.4 
7/8/2011 12:15 11.2 74.8 4.8 0 9.1 
7/11/2011 8:20 6.7 86.9 1.6 0 4.8 
7/13/2011 15:30 11.6 78.4 2.1 0.2 7.9 
7/15/2011 12:29 9.8 79.8 3.8 0.2 6 
7/18/2011 9:30 5.2 90.2 1 0.4 3 
7/20/2011 15:30 6.6 87 1.4 0.1 5 
7/22/2011 15:30 9.5 81.2 5.2 0.2 4 
7/25/2011 9:30 7.5 87.1 2 0.1 3.4 
7/29/2011 15:30 6.9 88.1 2 0.2 2.6 
8/1/2011 12:00 12.4 79.7 3.2 0.5 4.6 
8/3/2011 9:30 8.9 82.7 4 0.2 4.3 
8/8/2011 15:30 9.6 82.8 3.1 0.5 3.6 
8/10/2011 12:30 12.1 82.9 1.6 0.3 3.1 
8/12/2011 9:30 15.4 77.4 3.8 0.5 3 
8/15/2011 15:30 13.8 73.2 2.9 2.4 7.4 
8/17/2011 12:30 7.8 88.9 2.3 0.1 1.1 
8/19/2011 9:30 8.7 85.2 3.2 0.3 2.5 
8/22/2011 15:30 13.8 82.5 1 0.9 2.1 
8/24/2011 12:30 13.6 76.7 4.3 0.9 4.3 
8/26/2011 9:30 17.3 76.8 2.2 0.3 4.1 
9/2/2011 15:30 11.1 86.7 1 0.1 1.2 
9/5/2011 12:30 9.2 86 2.3 0.1 2.5 
9/7/2011 9:30 13.4 82.6 2.9 0 0.6 
9/9/2011 3:30 8.5 85.3 3.2 0.1 3.1 
9/12/2011 12:30 5.8 90.9 2.4 0 1 
9/14/2011 9:30 5.4 92.3 1.9 0 0.3 
9/16/2011 15:30 3.8 93.7 1.6 0.3 0.1 
9/19/2011 12:30 3.7 94.4 1.3 0 0.4 
9/21/2011 9:30 4.6 92.5 1.8 0.1 0.9 
9/23/2011 12:30 8.1 87.1 3.2 0.1 1.7 
9/26/2011 3:00 5 91.4 2.7 0 0.7 
9/28/2011 9:00 6.5 87.5 4.6 0.1 1.3 
9/30/2011 12:30 4.3 92.1 2.1 0 1.5 
10/3/2011 3:00 4.9 89.3 3.2 0 2.4 
10/5/2011 9:00 3.9 91.1 2.6 0 2.3 
10/7/2011 12:30 3.1 93.4 2.4 0 1.4 
10/10/2011 3:00 3.6 91.1 2.9 0.1 2.4 
10/12/2011 9:30 3.5 91.6 2.8 0.1 2.2 





Date Time Bacilliariophyta Cyanobacteria Chlorophyta Charophyta Other 
10/17/2011 3:30 1.6 95.5 1.4 0 1.4 
10/19/2011 9:00 5.2 89.2 2.6 0.1 2.8 
10/21/2011 12:30 4.4 91.5 2.3 0 2 
10/24/2011 3:30 6.3 85.2 6.4 0 2.7 
10/26/2011 9:30 4.9 86.1 5.8 0 3.6 
10/28/2011 12:30 4.3 88 4.8 0.1 2.7 
10/31/2011 3:30 4.2 91.3 2.5 0 2.2 
11/4/2011 9:30 3 92 1.7 0 3.1 
11/7/2011 12:30 4.4 89.1 4 0.1 2.7 
11/9/2011 3:30 6.2 78.4 13.4 0 1.7 
11/11/2011 9:30 5.9 89.2 2.9 0 1.9 
11/14/2011 12:30 8.2 87.1 2.7 0.1 2.1 
11/16/2011 3:30 8 88.4 2.1 0 1.7 
11/18/2011 9:30 8.3 88.8 1.9 0.1 0.8 
11/21/2011 12:30 3.8 90 3.7 0.1 2.7 
11/23/2011 3:30 11.8 83.8 1.8 0.2 2.3 
11/25/2011 9:30 6 87.5 4.6 0 2 
11/28/2011 12:30 5.4 91.5 1.4 0 1.8 






















D.2 Relative cell density of major phylum at intake site in Lake Whatcom, July to 
November, 2011.  
Date Depth Bacilliariophyta Cyanobacteria Chlorophyta Charophyta Other 
7/14/2011 0.3 5.3 87.1 2.7 0 4.9 
7/14/2011 1 4.7 89.5 1.1 0 4.6 
7/14/2011 2 7.2 82.6 3.3 0 7 
7/14/2011 3 6.8 87.2 1.9 0.1 4 
7/14/2011 4 7.8 84.4 2.5 0 5.4 
7/14/2011 5 7.3 87.1 1.2 0 4.5 
7/14/2011 6 6.6 86.4 1.6 0 4.9 
7/14/2011 7 5 87.6 1 0 6.1 
7/14/2011 8 6 85.2 1.5 0.1 6.9 
7/14/2011 9 5 87 3.5 0 4.5 
7/14/2011 10 4.8 88.6 1.5 0 4.7 
7/26/2011 0.3 12.6 78 4.7 0.9 4 
7/26/2011 1 7.5 86.6 3.1 0 2.9 
7/26/2011 2 9.2 82.7 4.4 0.2 3.6 
7/26/2011 3 9.6 84.3 3.5 0.1 2.4 
7/26/2011 4 9 81 4.9 0.7 4.4 
7/26/2011 5 8.5 83.7 3.1 0.7 4.3 
7/26/2011 6 5.2 89 3.3 0.2 2.1 
7/26/2011 7 8 85.9 2.5 0.7 3 
7/26/2011 8 7 83.8 4.6 0.3 4 
7/26/2011 9 7.9 84.2 5 0.3 2.2 
7/26/2011 10 5.5 89.5 2.5 0.1 2.5 
8/8/2011 0.3 19.4 77.3 1 0.9 1.4 
8/8/2011 1 12.5 80.7 2.9 1.2 2.6 
8/8/2011 2 20.3 75.2 1.7 1.4 1.2 
8/8/2011 3 11.9 84.3 1.4 0.7 1.5 
8/8/2011 4 13.4 82.3 1.7 1.2 1.5 
8/8/2011 5 12.3 83.3 1.2 0.8 2.2 
8/8/2011 6 14.1 81.2 1.9 0.8 1.8 
8/8/2011 7 11.1 83.6 2.1 1.1 2.2 
8/8/2011 8 13.4 81.1 1.5 1.2 2.4 
8/8/2011 9 10.2 87 1.2 0.7 1.1 
8/8/2011 10 10.6 83.8 1.8 0.8 3.1 
8/23/2011 0.3 10.8 83.5 3 0.5 2.1 
8/23/2011 1 9.4 84.4 4 0.3 2.1 
8/23/2011 2 10.8 83.7 2.8 0.1 2.4 
8/23/2011 3 17.1 76.2 2.9 0.6 3.3 
8/23/2011 4 14.1 80.1 1.9 0.3 3.5 
8/23/2011 5 15.5 78.1 2.3 0.4 4 
8/23/2011 6 16.6 78.8 1.7 0.1 2.7 
8/23/2011 7 7.9 89.6 0.9 0.3 1.7 
8/23/2011 8 12.9 82.9 2.3 0.4 2.1 
8/23/2011 9 9.5 86.9 1.6 0.1 1.6 
8/23/2011 10 12.5 83.4 1.8 0.3 2 
9/27/2011 0.3 4.2 93.3 1.6 0 1.2 
9/27/2011 1 3.1 94.2 0.8 0 1.7 
9/27/2011 2 4.1 91 2.7 0 1.8 
9/27/2011 3 3.5 92.7 1.9 0 1.5 
9/27/2011 4 5.3 90 1.8 0 2.5 
9/27/2011 5 4.3 92.1 1.2 0 2.2 
9/27/2011 6 4 90.3 2.1 0 3.5 
9/27/2011 7 4.1 91.3 2 0 2.6 
9/27/2011 8 4.4 90.3 3.1 0.1 1.9 




Date Depth Bacilliariophyta Cyanobacteria Chlorophyta Charophyta Other 
9/27/2011 10 8.2 88.6 1.3 0 1.9 
10/11/2011 0.3 3.4 91.4 1.9 0.1 3.1 
10/11/2011 1 3.5 93.4 1.6 0 1.5 
10/11/2011 2 4.3 91 2 0 2.5 
10/11/2011 3 3.3 92 2 0 2.3 
10/11/2011 4 5.9 87.9 2.4 0 3.5 
10/11/2011 5 4 79.6 12.6 0 3.6 
10/11/2011 6 6.6 87 3.2 0 3 
10/11/2011 7 5.1 84.8 4.2 1.4 4.6 
10/11/2011 8 5.4 89.9 2.1 0 2.6 
10/11/2011 9 3.2 90.9 2.7 0 3.2 
10/11/2011 10 3.8 89.4 2.8 0 4.1 
10/25/2011 0.3 8.2 88.6 1.3 0 1.9 
10/25/2011 1 4.1 88.6 3.8 0.1 3.4 
10/25/2011 2 3.7 91.1 1.4 0 3.6 
10/25/2011 3 3.6 90.1 2.6 0.4 3.2 
10/25/2011 4 2.2 90.9 2.7 0.7 3.4 
10/25/2011 5 3.7 92.6 2.4 0.3 1 
10/25/2011 6 5.3 85.8 3.3 0.4 5.3 
10/25/2011 7 3.8 88.8 3.5 0.5 3.5 
10/25/2011 8 2.4 89.5 3 0.9 4.1 
10/25/2011 9 1.3 93.9 1.9 0 2.8 
10/25/2011 10 2.1 92.3 2.5 0 2.8 
11/8/2011 0 1.3 94.1 2.6 0 1.7 
11/8/2011 1 2.1 93.3 2.4 0 2.3 
11/8/2011 2 2.8 93.2 1.9 0 2 
11/8/2011 3 4.7 88.4 3.9 0 3.1 
11/8/2011 4 5.5 86.6 5.2 0.2 2.8 
11/8/2011 5 1.8 91.1 3.9 0.1 3.3 
11/8/2011 6 5.7 88.2 2.4 0 4.1 
11/8/2011 7 3.1 91.5 2.4 0 2.7 
11/8/2011 8 3.3 91.3 2.1 0.1 2.8 
11/8/2011 9 1.1 95.2 1.1 0 2.5 
11/8/2011 10 3 91 3.5 0 2.1 
11/23/2011 0.3 8.6 83.2 4.6 0 3.5 
11/23/2011 1 8.5 85 2.6 0 4 
11/23/2011 2 9.2 83.3 3.2 0.2 4.3 
11/23/2011 3 11.6 81.6 4.1 0.1 2.7 
11/23/2011 4 7.6 87 2.7 0.1 2.6 
11/23/2011 5 12 80.6 3.7 0 3.9 
11/23/2011 6 13.2 83.1 2.2 0 1.6 
11/23/2011 7 17.6 73.4 3.8 0.1 4.9 
11/23/2011 8 11.2 81.9 3.4 0 3.7 
11/23/2011 9 14.4 79.4 3 0.1 3.2 









Appendix E. Images of Selected Phytoplankton Taxa Detected in Water Samples from 
Bellingham Drinking Water Treatment Plant Screen House and Lake Whatcom Intake 
Site.  
 













Ankistrodesmus [Chlorophyta]. Bellingham drinking water treatment plant screen house. 














Aphanocapsa/Aphanothece [Cyanobacteria].  Bellingham drinking water treatment plant 





























Aulacoseira [Heterokontophyta]. Bellingham drinking water treatment plant screen 





























Botryococcus [Chlorophyta]. Bellingham drinking water treatment plant screen house. 





























Coelastrum [Chlorophyta]. Bellingham drinking water treatment plant screen house. 





























 Crucigenia [Chlorophyta]. Bellingham drinking water treatment plant screen house. 














Cryptomonas [Cryptophyta]. Bellingham drinking water treatment plant screen house. 













Cyanodictyon [Cyanobacteria]. Bellingham drinking water treatment plant screen house. 














Cyclotella [Heterokontophyta]. Bellingham drinking water treatment plant screen house. 












Dictyosphaerium [Chlorophyta]. Bellingham drinking water treatment plant screen house. 













































Elakatothrix [Charophyta]. Bellingham drinking water treatment plant screen house. 




























Gloeobotrys [Heterokontophyta]. Bellingham drinking water treatment plant screen 














Gloeocystis or Sphaerocystis [Chlorophyta]. Bellingham drinking water treatment plant 















































Merismopedia [Cyanobacteria]. Bellingham drinking water treatment plant screen house. 




















Pediastrum [Chlorophyta]. Bellingham drinking water treatment plant screen house. 





Peridinium [Dinophyta]. Bellingham drinking water treatment plant screen house. August 














Scenedesmus [Chlorophyta]. Bellingham drinking water treatment plant screen house. 













Snowella [Cyanobacteria]. Bellingham drinking water treatment plant screen house. 














Sphaerocystis [Chlorophyta]. Bellingham drinking water treatment plant screen house. 












Stephanodiscus [Heterokontophyta]. Bellingham drinking water treatment plant screen 










Synedra [Heterokontophyta]. Bellingham drinking water treatment plant screen house. 















Tetraspora [Chlorophyta]. Bellingham drinking water treatment plant screen house. June 





Thalassiosira [Heterokontophyta]. Bellingham drinking water treatment plant screen 





Trachelomonas [Euglenophyta]. Bellingham drinking water treatment plant screen house. 





Woronichinia [Cyanobacteria]. Bellingham drinking water treatment plant screen house. 
October 13, 2011.  
 
 
 
 
